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Abstract
Thermal plasmas have their unique advantages such as high gas temperature and
high densities of reactive chemical species. From these advantages, they are anticipated
to be utilized for new innovations in industrial applications. Among the various types
of thermal plasmas, the inductively coupled thermal plasma (ICTP) has been widely
used as an effective source of heat and chemical species in various material process-
ings. Plasma processing has also found increasingly widespread industrail applications
because it can produce unique effects of commercial value that can be obtained in no
other way. The competing industrial technology to inductively coupled plasma (ICP)
torches is the DC arc jet. As compared to the DC jet, the inductive plasma torch is
capable of treating a larger surface area, with lower gas velocities, which tend not to
scour or erode the piece being heated nearly to the extent that an industrial arc jet
will do so.
For a large-area materials processing, a large volume of thermal plasma, cylindrical
ICTP torches of 100–300-mm-diameter have been developed to generate a plasma.
However, the conventional cylindrical type of ICTP is only slightly suitable to ‘large-
area’ materials processing because the cylindrical ICTP requires an extremely large
volume of the ICTP for large-area processing when the flame of the ICTP is used.
For the same purpose, a planar type ICTP torch which is rectangular vesel has been
developed with ferrite core core coil or air core coil from our group. For a furthur
large-area materials processing such as oxidation process, we have used rectangular
coil which is sandwiched to the torch to generate a long-laterally thermal plasma.
In this thesis, a novel planar type of induction thermal plasma system with current
modulation has been developed using a rectangular quartz vessel instead of a conven-
tional cylindrical tube for thermal plasma processing for large-area material surface.
To expand the generated thermal plasma laterally, the rectangular coil is used around
the planar torch. Electrical properties including effective electrical impedance and in-
stantaneous effective power of the thermal plasma at a pressure of 30 torr at an input
power about 10 kW were studied for the developed Ar planar type of induction thermal
plasma. The spatial distribution of Ar excitation temperature in a planar torch was
measured to elucidate fundamental aspects of a planar thermal plasma. Furthermore,
the effect of coil current modulation was studied for changes in electrical properties
and temperature, and their controllability in a planar thermal plasma.
In addition, the fundamentals of planar-type Ar inductively coupled thermal plas-
mas (ICTPs) with oxygen molecular gas on a substrate have been studied at 20 Torr
and at an input power of 7 kW. For the adoption of such planar-type ICTP to material
processing, it is necessary to sustain the ICTP with molecular gases on a substrate
stably and uniformly. To determine the uniformity of the ICTP formed on the sub-
strate, spectroscopic observation was carried out at 3 mm above the substrate. Results
showed that the radiation intensities of specified O atomic lines were almost uniformly
detected along the surface of the substrate. This means that excited O atoms, which
are important radicals for thermal plasma oxidation, are present in the planar-type
ICTP uniformly on the substrate.
And then, a planar type of modulated inductively coupled thermal plasma (ICTP)
with a molecular gas feeding on the substrate has been developed for the oxidation
process. In this work, the stable operation of the modulated planar ICTP with lower
Ar and molecular oxygen gas was studied for high speed oxidation processing. The
changes in electrical properties of Ar–O2 thermal plasma were investigated to confirm
the modulation effect in planar ICTP system at a pressure of 10 torr at an input power
about 10 kW. In addition, the intensity of emission spectra dristribution of modulated
Ar–O2 ICTP on the substrate was observed at on-time and off-time of modulation to
clarify the effect of coil current modulation in time domain. Finally the oxide thickness
layers of Si substrates irradiated by the ICTP within a minute at different modulation
frequecny with different duty factor were measured to confirm the improvement of
long-laterally uniform oxide layers.
These experimentally obtained results show that the modulation of coil-current
control control of power and heat flux in time domain. Also the temperature distri-
bution of ICTP on the substrate in a planar torch. Moreover, the working gas flow
rates and patterns in a planar torch plays one of main roles to substain the plasma
stably and uniformly on substrate at different operating pressure. The features of the
visible light emission of plasma observed by high speed video camera and the radiation
intensity of thermal plasma measured by the spectrometer, and the calculated results
of fundamental properties of generated planar ICTP with and without modulation will
then compare in order to show the effect of coil-current modulation in planar ICTP
system.
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1.1 Plasmas in Nature
It has been said that 99% of the matter in the universe is in the plasma state which
is in the form of an electrified gas with the atoms dissociated into positive ions and
negative electrons. In our own neighborhood, when on leaves the earth’s atomsphere,
one encounters the plasma comparising the Van Allen radiation belts and the solar
wind. On the other hand, in our everyday lives encounters with plasmas are limited
to: the flash of a lighting bolt, the conducting gas inside a fluoresent tube of neon sign,
and the slight amount of ionization in a rocket exhaust. It would seem that we live in
the 1% of the universe in which plasmas do not occur naturally.
The reason for this can be seen from the Saha equation which expresses the amount







Where, ni and nn are, respectively the density (m
−3) of ionized atoms and of
neutral atoms, T is the gas temperature [K], k is Boltzmann’s constant and U i is
the ionization energy of the gas that is, the number of joules required to remove the
outermost electron from the atom. As the temperature is raised, the degree of ionization
remains low until U i is only a few times kT . Then ni/nn rises abruptly, and the gas is
in a plasma state. Moreover increase in temperature makes ni less than nn the plasma
eventually becomes fully ionized. This is the reason plasmas exist in astronomical
bodies with temperatures of milllions of degrees, but not on earth. Life couldn’t easily
coexist with a plasma –at least, plasma of the type we are talking about. The natural
2 1 Introduction
occurrence of plasmas at high temperatures in the reason for the designation ”the
fourth state of matter.”
As known, atoms in a gas have a spread of thermal energies, and an atom is
ionized when, by chance, it suffers a collision of high enough energy to knock out an
electron. In a cold gas, such energetic collisions occur infrequently, since an atom
must be accelerated to much higher than the average energy by a series of ”favorable”
collisions. The exponential factor in equation (1.1) expresses the fact that the number
of fast atoms falls exponentially with U i/kT . Once an atom is ionized, it remains
charged until it meets an electron; it then very likely recombines with the electron
to become neutral again. The recombination rate clearly depends on the density of
electrons, which we can take as equal to ni The equilibrium ion density, thus, should
decrease with ni and this is the reason for the factor ni
−1 on the right hand side of
equation (1.1). The plasma in the interstellar medium owes its existence to the low
value of ni (about 1 per cm
3), and hence the low recombination rate [1].
1.2 Plasma state
1.2.1 Plasma
The plasma state is frequently referred to as the fourth state of matter in the state
of matter in the sequence: solid, liquid, gas and plasma. When the material is heated,
it changes from solid, to liquid, to gas phase, and then even becomes hotter. When it
becomes hotter with gas phase state, it begins to become ionized, that is one or more of
the electrons on an atom become liberated. A plasma can be described as a collection
of ionized particles, which interact collectively by long-range electromagnetic forces
associated with their charges and motions. Or a mixture of electrons, ions, and neutral
particles. Since the masses of ions and neutrals are much higher than the electron
mass (mH/me= 1840), where mH is the mass of the H atom and me is the electron
mass), neutrals and ions are classified as the heavy particles or the heavy component
in a plasma. Some of these heavy particles may be in an excited state due to the high
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energy content of a plasma. Particles in an excited state can return to their ordinary
or ground state by photos emission.
The latter process is at least partially responsible for the luminosity of a plasma.
In additions to ions and neutral particles in the ground state, a plasma also contains
excited species and photons, i.e., in general a plasma consits of electrons, ions, and
neutrals in the ground state, excited species, and photons. Such a mixture, however,
qualifies as a plasma only if the negative and positive charges balance each other, i.e.,
overall a plasma must be electrically neutral. This property is known as quasi-neutrally.
In constrast to an ordinary gas, plasmas are electrically conducting due to the
presence of free charge carriers. In fact, plasmas may reach electrical conductivities
exceeding those of metals at room temperature. For example, a hydrogen plasma at one
atomsphere heated to a temperature of 106 K has approximately the same electrically
conductivity as copper at room temperature.
1.2.2 Temperature in a plasma
Kinetic temperatures in a plasma, as in any gaseous medium, are defined by the







where m is the mass of the particle, (v2)1/2 is its rms or effective velocity, k is
the Boltzmann constant, and T represents the absolute temperature (K). Equation
(1.2) implies that the particles follow a Maxwell-Boltzmann distribution, which can be
expressed by














Fig. 1.1 : Maxwell-Boltzmann distribution of velocities [2].
The distribution function f(v) is shown in figure 1.1 and reaches a maximum at
vm=(2kT/m)
1/2. The number of molecules velocities between v and v+dv is given by
dnv.
The most commom way to generate and maintain a plasma is by mean of an
electric c discharge. In such a discharge, the high-mobility electrons pick up energy
from the applied electric field and then transfer part of this energy to the heavy particles
through elastic collisions. But even with an excellent collisional coupling (high collision
frequency) between electrons and heavy particles, there will always be a difference
between the electron temperature, T e and the temperature of the heavy spiecies, T h
in the plasma. The energy transferred from an electron to a heavy particle in a single







Where T e and T h represent the electron and the heavy particle temperature, re-
spectively. The energy that an electron acquires from the electric field (E) between
collisions is given by
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eEvdτe (1.6)
Where v is the average drift velocity and the average free flight time between













According to equation (1.7), kinetic equilibrium (T e=T h) requires that the energy
acquired by the eletrons in an electric field between collisions must be very small
compared to the average kinetic energy of the electrons. Another interpretation of













This relation shows that the parameter E/p plays a governing role for determining
the kinetic equilibrium situation in a plasma. For small values of E/p, the electron
temperature approaches the heavy particle temperature– this is one of the basic require-
ments for the existence of Local Thermodynamic Equilibrium (LTE) in a plasma.
Additional conditions for LTE include excitation and chemical equilibrium as well as
certain limitations on the gradients in the plasma.
A plasma that is kinetic equilibrium and simultaneously meets all other LTE re-
quirements is classified as a thermal plasma. In constrast, plasmas with strong devi-
ations from kinetic equilibrium (T e<<T h) are classified as nonthermal or nonequi-
librium plasmas.
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Fig. 1.2 : Classification of plasmas [2].
1.2.3 Different types of plasmas
Plasmas are sometimes categorized as natural or man-made plasmas. As men-
tioned previously, natural plasmas comprise more than 99% of the universe known
today. Two of the earliest known plasma phenomena, lightning strikes and the aurora
borealis, occur at relatively high and extremely low pressures, respectively leading to
the drastic differences in their appearance. Plasmas occur over such a wide range of
pressures, so it is customary to classify them in terms of electron temperatures and
electron densities. figure 2.2 shows such a classification for some natural and man-made
plasmas. The temperature in figure 2.2 is plotted in units of eV (1eV corresponds to
7740 K if there is a M–B distribution). Extremely tenuous plasmas (in solar corona)
may assume temperatures exceeding 106 K, while plasmas of similar densities in the
ionosphere may have temperatures of 103K or even lower. Flames classified as plasmas,
show somewhat higher electron densities and temperatures.
Glow discharges, which are typically operated in a pressure range from 10−4 to 1
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kPa, reveal electron temperatures on the order of 104 K and heavy-particle temper-
atures close to room temperature. In a fluorescent lamp, for example, the electron
temperature may reach 2.5 x 104 K, but the heavy-particle temperature remains close
to 300 K. Extreme conditions in terms of electron density and temperature exist in
thermonuclear fusion plasmas. In the case of inertial confinement fusion plasmas, elec-
tron and ion densities amy exceed 1026 m−3, and temperatures for both magnetically
confined and inertially confined plasmas are typically above 106 K and may be as
high as 108 K. Thermal plasmas, i.e., plasmas that approach a state of LTE, reveal
temperatures around 104 K with electron densities ranging from 1021 to 1026 m−3.
1.3 Thermal plasmas
Thermal plasma, which are classified as ’hot’ plasmas in the American and Euro-
pean literature. As mentioned before, a plasma that is kinetic equilibrium and simul-
taneously meets all other LTE requirements is classified as a thermal plasma. The
conditions of LTE will be descirbed here breifly. LTE in optically thin plasmas requires
that collision processes (except radiative process) govern the transition and reactions
in the plasma and that there be amicro-reversibility among the collision processes. In
other words, a detailed equilibrium between each collision process and its reverse pro-
cess is necessary. LTE furthur requires that local gradients of the plasma properties
such as temperature, density, heat conductivity, etc., be sufficiently small that a given
particle that diffuses from one location to another in the plasma finds sufficient time
to equilibrate, i.e., the diffusion time should be the same order or larger than equilib-
rium time. In summary, LTE exists in a steady-state, optically thin plasma when the
following conditions are simultaneously fulfilled:
• Each species (electron, ion, neutral) in a dense, collision-dominated, high-temperature
plasma will assume a Maxwellian distribution (excluding regions close to the wall
and electrons.)
• E/p ( E and p stand for electric field and pressure respectively) is small enough
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and the temperature is sufficiently high that T e=T h.
• Collisons are the dominating mechanism for excitation (Boltzmann distribution)
and ionization (Saha equation).
• Spatial variations of plasma properties are sufficiently small [2].
1.3.1 Applications of thermal plasmas
Thermal plasmas have their unique advantages such as high gas temperature and
high densities of reactive chemical species. From these advantages, they are anticipated
to be utilized for new innovations in industrial applications. Among the various types
of thermal plasmas, the inductively coupled thermal plasma (ICTP) has been widely
used as an effective source of heat and chemical species in various material processings
such as the syntheses of diamond films [3]–[5] and thermal barrier coatings [6]–[9],
nanoparticle synthesis [10]–[13], nanotube synthesis [14]–[17], transparent conductive
oxide deposition [18]–[20], surface modification [21]–[23], and etching of substrates
[24]–[25], because it has a feature of no contamination without electrodes [15].
1.3.2 Industrially significant plasma characteristics
Plasmas are industrially useful because they possess at least one of two important
characteristics. The first characteristic is a high power or energy density. Eaxam-
ples include DC electrical arcs or RF inductive plasma torches, in which the plasma
power density can range from 100 W/cm3. Such plasma are in or near thermodynamic
or thermal equilibrium, and are used for thermal plasma processing. These plasmas
are capable of melting or even vaporizing bulk materials, and are used industrially
for welding, plasma flame spraying, and other high temperature materials-processing
applications.
The second major characteristic of plasmas for industrial applications is that they
produce active species which are more numerous, different in kind, and/or more ener-
getic than those produced in chemical reactors. These active species make it possible
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Table 1.1 : Photo energies in the electromagnetic spectrum
Spectral region Wavelength range (nm) Energy range (eV)
Infrared 730 ≤ λ ≤ 106 0.00124 ≤ E´ ≤ 1.70
Visible 380 ≤ λ ≤ 780 1.59 ≤ E´ ≤ 3.26
Ultraviolet 13 ≤ λ ≤ 397 3.26 ≤ E´ ≤ 95.3
to do things to the surface of materials that can be done in no other way, or which are
economically impracticable by other methods.
1.3.3 Plasma active species
Plasma processing effects are due to the action of active species generated by the
interaction of the working gas(es) with the plasma. These active species are rarely
available in purely chemical reactors in the concentrations and active states of exci-
tation found in plasma reactors. Two inputs reach the surface of solids exposed to a
Lorentzian plasma: the working gas, or feed gas which might be reflected from, adsorb,
absorb, or react chemically with the surface; and the active species, which origiate
directly or indirectly from electron-neutral collisions and subsequent chemical reac-
tions in the plasma. The active species include photons, neutral species, and charged
particles.
Photos are available from glow discharge and arc/torch plasmas over a broad
spectrum of wavelengths in the electromagnetic spectrum, as summarized in table 1.1.
In the infrared portion if the electromagnetic spectrum, the energy in infrared photons
is too low to interact with the working gas and excite visible radiation from a plasma.
These photos possess energies below 1.7 eV, and have, at most, the same general effect
as a hot wall or ordinary chemical reactions in inducing plasma-processing effects.
Visible photons are more energetic, and have energies ranging from about 1.6 to 3.3
eV. Such photos can break some molecular bonds, and excite atoms with resonances in
the visible part of the spectrum. Ultraviolet photos are still more energetic, and range
from 3.1 to 95 eV. These photos can ionize and excite atoms, scission long hydrocarbon
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molecules, and break molecular bonds to form smaller molecular fragments.
The energy of photons is given by the Planck (Max Planck 1858-1947) formula,
E = hν (1.10)
Where h is Planck’s constant, and νthe frequency in Hz. The latter is related to
the speed of light in free space, c, the wavelength λ, in meters, of the radiation by
νλ = c (1.11)
In the ultraviolet, the photo energy is greater than 3 eV. Since photons are un-
charged, they are unaffected by electric or magnetic fields that may be present in the
shealth above a workpiece, and reach the surface with their original energy. Ultraviolet
and some visible photons may be energetic enough to break atomic or molecular bonds
on a surface, and to produce polymeric free radicals and or monomers [27].
1.3.4 Benefits of plasma processing
Chemically reactive plasma discharges are widely used to modify the surface prop-
erties of materials. Plasma processing technology is vitally important to several of the
largest manufacturing industries in the world. Plasma-based surface processes are in-
dispensable for manufacturing the very large scale integrated circuits (ICs) used by
the electronics industry. Such processes are also critical for the aerospace, automotive,
steel, biomedical, and toxic waste management industries. Materials and surface struc-
tures can be fabricated that are not attainable by any other commercial method, and
the surface properties of materials can be modified in unique ways.
As a very incomplete list of plasma processes, argon or oxygen discharges are
used to sputter-deposit aluminum, tungsten, or high-temperature superconducting
films; oxygen discharges can be used to grow SiO2 films on silicon; SiH2Cl2=NH3
and Si(OC2H5)4=O2 discharges are used for the plasma-enhanced chemical vapor de-
position (PECVD) of Si3N4 and SiO2 films, respectively; BF3 discharges can be used to
implant dopant (B) atoms into silicon; CF4=Cl2=O2 discharges are used to selectively
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remove silicon films; and oxygen discharges are used to remove photoresist or polymer
films. These types of steps (deposit or grow, dope or modify, etch or remove) are re-
peated again and again in the manufacture of a modern IC. They are the equivalent, on
a micrometer-size scale, of centimeter-size manufacture using metal and components,
bolts and solder, and drill press and lathe [28].
Minimizing the unfavorable effects of industrial activity on the environment will
play a major role in engineering practice for at least the next generation.[book1] When
judged by broad environmental criteria, plasma-related processes are, in most cases,
preferable to conventional processes that accomplish similar results. Thus, adoption of
plasma-processing methods is likely to make important contributions to the reduction
of carbon dioxide emissions and global warming; to reduction in energy consumption;
to increase in the frequency of energy use; and to the reduction of pollution and envi-
ronmental contaminations [27].
1.4 Research background
1.4.1 Generation of thermal plasma
Plasmas can be generated by passing an electric current through a gas. Since gases
at room temperature are excellent insulators, a sufficient number of charge carriers
must be generated to make the gas electrically conducting. This process is known as
electrical breakdown, and there are many possible ways to accomplish this breakdown.
Breakdown of the originally nonconducting gas estabilishes a conducting path between
a pair of electrodes. The passage of an electrical current through the ionized gas leads
to an array of phenomena known as gaseous discharges. Such gaseous discharges are
the most common, but not the only, means for producing plasmas.
For various applications, plasmas are produced by electrodeless radio frequency
(RF) discharges, by microwaves, by shock waves, and by laser heating gases (vapors) in
a high- temperature furnace. Because of inherent temperature limitations, this method
is restricted to metal vapors with low ionization potentials. The most widely used
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Fig. 1.3 : Schematic of an inductively coupled RF discharge [2].
electrical methods for producing thermal plasmas are high-intensity arcs or inductively
coupled high-frequency discharges; thermal RF discharges, microwave discharges.
Thermal RF discharge can be maintained either by capacitive or inductive cou-
pling with the power source. In capacitive coupling the high-frequeny electric field
is responsible for maintaining the discharge; thus this type of discharge is known as
the E discharge. In constrast, an inductively coupled discharged is maintained by the
time-varying magnetic field and is denoted as an H discharged. For the generation
of thermal plasmas, the E discharge, which relies on displacement currents for estab-
lishing a closed electrical circuit, requires extremely high frequencies for producing a
thermal plasma. The time-varying magnetic field caused by the RF current flowing in
the coil induces an electric ring field, which in turn drives a current of density
−→
j , since
the plasma is a conducting medium (figure 1.3). The induced current consists of closed
loops directed opposite to the primary current in the coil. The current distribution and
the associated temperature distribuition show off-axis peaks as indicated in figure. 1.4.
The off-axis peak of the current density is primarily due to the skin effect. Since
the plasma has a relatively high electrical conductivity, the alternating magnetic field
cannot penetrate the plasma, especially at very high frequencies. This phenomenon is
usually quantified in terms of the skin depth δ, which is a measure for the penetration
of the RF field into the plasmas. The skin depth is given by
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whre σe represents the eletrical conductivity of the plasma, f is the frequency of the
power supply, and µ is the permeability of the plasma. Although equation 1.13 holds
strictly only for plane materials with uniform electrical conductivity, this equation is
useful for examining trends. An increase in the frequency reduces the skin depth, as
does an increase in the electrical conductivity.
The nonuniform current density distribution with an off-axis peak close to the
walls of the discharge vessel gives rise to enhanced heat dissipation (j2/ σe) close to
the wall. This effect, in combination with radiative cooling of the core of the plasma,
causes an off-peak in the temperature distribution as indicated in figure 1.4 [2]. Hence,
the skin depth considerations need to be carefully considered in the design of inductive
industrial plasma reactors.
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Fig. 1.5 : A kilowatt-level inductively coupled plasma torch [29].
1.4.2 Inductively Coupled Plasma (ICP) torch
The inductively coupled RF plasma torch is one of the most widely used industrail
plasma sources. A standard configuration of it is illustrated in figure 1.5 (Gross et al
1969). The plasma can be started with a pulsed high voltage applied to a starting
rod, and maintained by RF power applied to an axisymmetric coil wrapped around the
plasma, which is part of an RF tank circuit. The coils and the RF power supplies are
essentially identical to those used for the industrial induction heating of metals. The
heating coil shown schematically in figure 1.5 heats a volume of plasma, the diameter of
which is approximately half the plama length. The heating coil is usually water-cooled,
and is not in contact with the plasma, thus maintaining plasma impurity.
The competing industrial technology to inductively coupled plasma (ICP) torches
is the DC arc jet, indicated in figure 1.6, which also lists some fo the characteristics
which distinguish the two from each other as sources of plasma or high temperature
gas. As compared to the DC jet, the inductive plasma torch is capable of treating a
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Fig. 1.6 : A comparision of the characteristics of the inductive plasma torch and the
DC arc jet [29].
larger surface area, with lower gas velocities, which tend not to scour or erode the piece
being heated nearly to the extent that an industrial arc jet will do so. In addition, the
lack of contact between the plasma and the heating coil in the inductive plasma torch
is in constrast with the DC jet, in which vaporized and sputtered electrode material
usually finds its way into the gas stream to contaminate the hot gases in the arc jet. A
further advantage of the inductive plasma torch is that the cross section of the exciting
coil, and hence that of the plasma, need not be circular: inductive plasmas with non-
circular, and even complicated shapes like triangles, have been produced for specific
applications [29].
Furthermore, the ICP is conventionally sustained in a cylindrical tube in an elec-
tromagnetic field induced by an RF induction coil with no electrode [15]. The feature of
this no-electrode requirement offers a thermal plasma in a torch free from any impuri-
ties. These are all extremely useful for materials processing. However, the conventional
cylindrical type of ICTP is only slightly suitable to ‘large-area’ materials processing
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because the cylindrical ICTP requires an extremely large volume of the ICTP for large-
area processing when the flame of the ICTP is used. To generate a large volume of
thermal plasma, cylindrical ICTP torches of 100–300-mm-diameter have been devel-
oped. However, generating such a large volume of thermal plasma requires high RF
power of tens to hundreds of kW [18],[33]. For large-area processing, an elongated
ICP torch has been developed for use at atmospheric pressure [34]–[35]. Similarly,
we have newly developed a planar-type inductively coupled thermal plasma (ICTP)
torch for the generation of a large volume of elongated thermal plasma [36]. In this
research work, the planar type ICTP torch is used to conduct for a large-are materials
processing.
1.5 Coil-current modulation in ICP torch system
For the purpose of using an inductively coupled thermal plasma (ICTP) in mate-
rials processing fields, great effort has been made to sustain an ICTP statically under
steady state conditions experimentally [37]–[41]. Also numerical simulation approches
have been used for steady operation [42]–[45]. However, the steady ICTP has some dis-
advantages, including high radiation loss, damage on substrates and grown films, and
uncontrollably high enthalpy. On the other hands, the dynamic behaviour of ICTPs
has been investigated recently after a disturbance occuring upon injection of cold gas
or powders, or an instant change in electrical properting conditions. For example,
Sakuta etal have developed a one-dimensional model to study the dynamic behaviour
of an ICTP under a sudden change in coil current [46]–[47]. They reported that an
ICTP with a diameter of 100 mm required a time of several miliseconds to achieve a
new steady state. This means an ICTP will re-establish if the absent period of the
magnetic field is less than several milliseconds; thereafter, a pulse-modulated thermal
plasma can be sustained.
It has been paid special attention to making an intentional disturbance to an ICTP
to produce a transient plasma for the materials processing technology. This is a break-
through technique to control the high enthalpy of thermal plasma in the time domain.
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Base on this concept, a new system that can modulate the amplitude of the induction
coil current has been developed. This type name of ICTP is named a pulse-modulated
induction thermal plasma (PMITP). In PMITP system, the intentional modulation
of coil current is considered to induce an ICTP under a transient and dynamic state
and a chemically non-equilibrium condition. Further, the time-averge temperature of
thermal plasma is expected to decrease by modulation of the coil current. This PMITP
technique also afforded the probability of introducing new materials porcessing.
Using this system, the effect of coil-current modulation on the dynamical behaviour
of an Ar PMITP has been investingated. Moreover, the influence of of diatomic gas
injection with materials such as H2, N2 and O2 into a PMITP was studied from the
viewpoint of the response time of thermal plasma and temperature variation. As a
result [48],
• the temperature of the PMITP can be controlled by setting a certain parameter,
i.e. the lower current level (LCL or SCL);
• diatomic molecular gas injection, especially N2 injection, causes a lower time-
average temperature of the PMITP
• the response time of the PMTITP to be re-ignited increases both with reducation
of the LCL and with diatomic gas injection. This increase in response time results
form the lower temperature.
Figure 1.7 illustrates essential elements of pulse-amplitude modulation of the coil
current. In conventional steady operation as indicated figure 1.7(a), a coil current has
a fixed peak value with a fundamental frequency of 450kHz in this case. Such a high-
frequency ac variation in the coil current cannot change a thermal state in an ICTP.
This is because the ICTP has an inherent response time of the order of miliseconds [46].
Therefore, in this conventional case, the ICTP is established under a steady and static
state as has been done heretofore. On the otherhand, the pulse-modulated coil current
demostrated in figure 1.7(b) has a periodically changed peak value with a modulation
cycle of several hundreds of hertz. Such a modulation of coil current can perturb
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Fig. 1.7 : General concept of pulse modulation of coil current: (a) steady operation;
(b) pulse-modulation operation [48].
the thermal state in the ICTP. This modulation leads to the following controllable
parameters: LCL which is lower current level during the pulse modulated operation,
HCL which is higher current level, on-time – the time period with the higher current
level, off-time – the time period with the lower current level, as shown in figure 1.7(b).
A ratio of LCL/HCL of the lower to higher levels of the coil current called the shimmer
current level (SCL). Controlling these parameters is expected to produce the following
feasibilities and effects in addition to the thermal plasma [48]:
• control of power and heat flux in time domain;
• extremely high or low electromagnetic field operation which cannot be realized
in a conventional steady operation;
• introduction of thermally and/or chemically non-equilibrim effects.
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1.6 Mission of this work
The use of an inductively coupled plasma torch is a technique for generating ther-
mal plasma at atmospheric pressure. Since the original development in the 1960s,
a thermal plasma source of the ICP torch has been driven by radio frequency (RF)
power [30]–[31]. It has been further reported that a sufficiently high temperature from
the thermal plasma generated by the ICP torch is achieved to perform the instanta-
neous thermal processing and is higher than 10,000 K [49],[50]. The inductively coupled
thermal plasma (ICTP) is usually established by injecting Ar gas into a cylindrical tube
with a coil located around a tube for various applications [51]–[54]. To generate a large
volume of thermal plasma, cylindrical ICTP torches of 100-300 mm diameter have been
developed. However, generating such a large volume of thermal plasma requires a high
RF power in the range of 10-100 kW [55]. For large-area processings, an elongated ICP
torch has been developed at atmospheric pressure [34]– [35]. Similarly, we have newly
developed a planar-type ICTP torch for the generation of a large volume of elongated
thermal plasma. This planar-type ICTP torch has a rectangular quartz vessel instead
of a cylindrical tube and is coupled with an air core coil or a ferrite core coil [36], [56].
The goal of this work is to develop a planar modulated inductively coupled ther-
mal for uniform oxidation process. In this work, the follwing aspects will be done
theoretically and experimentally.
• The rectangular coil is coupled to the rectangular quartz vessel called a planar
torch to generate a long-laterally thermal plasma.
• The gas flow pattern of a planar torch is studied.
• The coil current modulation technique is adopted to a planar Ar/Ar–O2 ICTP
system.
• The electrical properties and time-averaging temperature of modulated and non-
modulated ICTP with and without substrate are studied to confirm the coil-
current effect.
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• Spatial distribution of Ar excitation in a planar torch is also estimated.
• The irradiation time is reduced to 1 min from 10 mins for oxidation process
This research is crucial to describe the fundamental properties of a planar type
of modulated inductively coupled thermal plasma on the substrate. Influence of SCL,
duty factor, modulation frequency, gas flow patterns and working gas flow rates and
pressure are discussed. In order to make it clear, the visible emission lights of mod-
ulated and non-modulated ICTP are observed. Moreover, the lateral distribution of
radiation intensities of atomic lines in ICTP torch are measured by the spectrome-
ter. the generated planar modulated Ar–O2 ICTP is irradiated to the Si substrate.
For a better understanding of fundamental properties of planar ICTP, comprehensive
comparative discussions are made between experimental and theoretical results.
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1.7 Content of the dissertation
As described in this research, to understand the fundamental properites of a pla-
nar modulated ICTP for uniform oxdiation process, such as the electrical properties;
effective electrical impedance and instantaneous effective power , and time-averaging
temperature distribution of the thermal plasma, we have developed a planar type of
modulated ICTP. This thesis is organized as follows:
Chapter 2 provides fundamental information related to a planar-ICTP system with
current modulation, which we newly developed as a thermal plasma source for large-
area materials processing. Such a planar-ICTP has rarely been reported. Most reports
describe the conventional cylindrical type of ICTP. This planar type of ICTP uses a
rectangular quartz vessel, instead of a conventional cylindrical tube, to be sustained
with a rectangular coil. Electrical properties such as effective electrical impedance and
instantaneous effective power of the thermal plasma were studied for the planar ICTP
at a pressure of 30 torr at an input power about 10 kW. The spatial distribution of
Ar excitation temperature in a planar torch was also estimated from spectroscopic
observations. In addition, the effect of coil current modulation was studied to assess
changes in electrical properties and temperature, and to assess their controllability in
a planar thermal plasma.
In chapter 3, we fundamentally investigated the steady-state properties of a new
planar-type Ar-O2 ICTP with a substrate. First, the configuration of a planar-type
Ar ICTP with O2 gas injection on a Si3N4 substrate holder to sustain it stably will be
discussed. The effect of the gas injection pattern on the planar-type Ar-O2 ICTP was
studied. The light emissions from the ICTP were measured using a high-speed video
cameraand discussed to see the difference visble emission of plasma generated at dif-
ferent gas flow rates. Secondly, spectroscopic observation was carried out to determine
the uniform formation of the thermal plasma on the substrate holder. Thirdly, the
planar-type Ar-O2 ICTP was actually irradiated to a Si substrate to produce a silicon
oxide layer. The thickness of the SiO2 layer modified from the Si surface was measured
to confirm the uniform oxidation by the planar-type Ar-O2 ICTP.
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In chapter 4, we adopted the coil current modulation technique to the planar
Ar–O2 ICTP system for the oxidation process with a Si substrate. In this work, a
totally Ar gas flow of 2 slm introduces a rectangular quartz vessel. The modulation
frequencies, 40 Hz and 20 Hz with different duty factors of 51% and 60% are considered.
The spectroscopic observation was carried out to investigate a change in the emission
spectra from the planar modulated Ar–O2 ICTP during on–off time. Moreover, the
electrical properties such as effective electrical impedance and instantaneous effective
power of the thermal plasma were studied for the planar ICTP at a pressure of 10
torr at an input power about 10 kW. The Si substrate is irradited by a planar Ar–O2
modulated ICTP at different modulation frequencies with different duty factors within
a minute irradiation-time.
Chapter 5 gives conclusions of research and recommendations for future research.
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Chapter 2
Fundamental properties of a planar type of
inductively coupled thermal plasma with
current modulation
2.1 Introduction
Inductively coupled thermal plasma (ICTP) has been widely used in various appli-
cations such as thermal barrier spray coating [6]–[9], nanoparticle synthesis [10]–[13],
nanotube synthesis [9]–[12], transparent conductive oxide deposition [13]–[15], diamond
film deposition [14]–[17], and surface modification [2]–[5]. Since the original develop-
ment in the 1960s, the thermal plasma source of the ICP torch has been radio frequency
(RF) power [18, 19]. Actually, ICTP has several important benefits. For example,
the ICTP has high current density inside, which provides high-gas-temperature field,
and high density of radicals. Furthermore, the ICTP is conventionally sustained in a
cylindrical tube in an electromagnetic field induced by an RF induction coil with no
electrode [1]. The feature of this no-electrode requirement offers a thermal plasma in a
torch free from any impurities. These are all extremely useful for materials processing.
However, the conventional cylindrical type of ICTP is only slightly suitable to ‘large-
area’ materials processing because the cylindrical ICTP requires an extremely large
volume of the ICTP for large-area processing when the flame of the ICTP is used. To
generate a large volume of thermal plasma, cylindrical ICTP torches of 100–300-mm-
diameter have been developed. However, generating such a large volume of thermal
plasma requires high RF power of tens to hundreds of kW [20, 21]. For large-area
processing, an elongated ICP torch has been developed for use at atmospheric pres-
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sure [29, 30]. Similarly, we have newly developed a planar-type ICTP torch for the
generation of a large volume of elongated thermal plasma [22].
The main contribution of this paper is to provide fundamental information related
to a planar-ICTP system with current modulation, which we newly developed as a
thermal plasma source for large-area materials processing. Such a planar-ICTP has
rarely been reported. Most reports describe the conventional cylindrical type of ICTP.
This planar type of ICTP uses a rectangular quartz vessel, instead of a conventional
cylindrical tube, to be sustained with a rectangular coil. Electrical properties such as
effective electrical impedance and instantaneous effective power of the thermal plasma
were studied for the planar ICTP at a pressure of 30 torr at an input power about
10 kW. The spatial distribution of Ar excitation temperature in a planar torch was
also estimated from spectroscopic observations. In addition, the effect of coil current
modulation was studied to assess changes in electrical properties and temperature, and
to assess their controllability in a planar thermal plasma. We designate this a planar
modulated ICTP, i.e. a planar modulated induction thermal plasma (a planar-MITP).
The coil current modulation technique for induction thermal plasmas has been devel-
oped by our group [25, 26]. The intentional modulation of coil current is considered to
induce an ICTP under a transient and dynamic state and a chemically non-equilibrium
condition. Further the time-averaged temperature of thermal plasmas is expected to
be controlled by modulation. The effect of coil current modulation has been investi-
gated on the dynamic behaviour of an Ar, Ar- H2, Ar-N2 and Ar-O2 pulse-modulated
induction thermal plasmas. As a result, the introduction of coil current modulation
has various possibilities for use in materials processing and for elucidating transient
thermal plasma phenomena [27].
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Fig. 2.1 : Fundamental concepts of a cylindrical inductively coupled thermal plasma
(ICTP) torch and a planar-ICTP torch.
2.2 Concept of a planar type of inductively coupled
thermal plasma
Figure 2.1 compares ICTP torches of three types: (a) a conventional cylindrical
ICTP torch, (b) a planar-ICTP torch developed in this paper, and (c) a tandem type
of planar ICTP torch for advanced applications we have planned. The thermal plasma
is characterized by high gas temperature and high enthalpy with high power density.
Such thermal plasma can generally be created using inductively coupled approaches.
The conventional ICTP is formed in a cylindrical dielectric tube and a coil around
the tube. The RF current in the coil generates an axial magnetic field. Then the
resultant rotational electric field is presented in figure ??(a). The cylindrical ICTP
torch of this type has been used widely for various applications. However, it is slightly
difficult to adopt this cylindrical type of ICTP torches for a large area processing
such as materials surface modification and deposition because cylindrical ICTP of this
type requires a large volume of thermal plasma when the ICTP flame is used for
large-area materials processing. Furthermore, the large volume ICTP requires higher
input power to sustain itself. In addition, the high-power ICTP tends to be shrunk
by the Lorentz force because of induced current inside the thermal plasma and the
externally applied magnetic field. We have developed a planar ICTP torch here, as
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depicted in figure 2.1(b) [23]. The planar-ICTP torch comprises a rectangular quartz
vessel and a coil located parallel to the plane of the vessel wall. It is noteworthy that
the actual coil is located sandwiching the rectangular quartz vessel although only a
mate of this coil is shown in figure 2.1(b). The alternative magnetic field is generated
perpendicularly to the vessel plane to produce the induced rotational electric field
in the vessel. This electric field forms a toroid of ICTP in parallel to the plane in
the torch. This planar ICTP can have a longitudinal flame from the torch outlet.
Use of this planar ICTP enables us to presume another further longitudinal ICTP.
One presumed progress approach of such a planar-ICTP is shown in figure 2.1(c): A
tandem type of planar-ICTP. It can be established in a rectangular vessel by plural
coils for a wider-area materials processing.
This paper presents a study of the fundamental properties of such a planar type
of Ar ICTP including the electrical properties and also temperature distribution of the
ICTP. In addition, the effect of the coil current modulation was investigated on the
planar ICTP, which corresponds to a planar-modulated induction thermal plasma (a
planar-MITP). It is noteworthy that we have developed the modulated inductively cou-
pled thermal plasma in a cylindrical tube, and found their unique characteristics [25].
The modulation effect on the ICTP has been found by our group, showing simultaneous
control of radical density and gas temperature [26].
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2.3 Experimental setup and conditions
2.3.1 Configuration of a planar type of inductively coupled
thermal plasma torch
Figure 2.2 depicts the actual configuration of the planar-ICTP torch in the present
work. The planar-ICTP torch is made of a rectangular quartz vessel with 5 mm
thickness. Quartz is used because of its excellent heat resistance. The 5 mm thickness is
rather high for high mechanical strength in the case of a vacuum condition. The quartz
vessel has a rectangular inner cross section with dimensions of 120 mm × 20 mm × 100
mm. Under the rectangular quartz vessel, the vacuum chamber made of stainless steel
was installed. This vacuum chamber was connected with a vacuum pump. As we have
supposed to adopt this system for large area materials processing, the substrate on the
substrate holder was provided in the torch as indicated in figure 2.2. This substrate
and the substrate holder are accessible from this vacuum chamber.
The rectangular quartz torch was sandwiched by an air-core coil of 5 turns per
side as shown in figure 2.2. It generates an induced magnetic field perpendicularly to
the quartz vessel. This air-core coil comprises rectangular copper plates. The numbers
of coil turns of this coil can be changed easily. These rectangular copper plate coils are
mutually connected electrically, but are separated by the insulating rings and insulating
bolts to avoid short circuit between each of the coils. The coil is rectangular. Therefore,
it generates the magnetic field in a wider range than the round coil. The coil design is
one important key point to ascertain the maximum value of the high frequency current
that can maintain the plasmas. To this coil, the electric RF current was supplied from
an RF inverter power source at a rated power of 30 kW through a matching transformer
and an LC series matching circuit. The fundamental frequency of the current was about
370 kHz in this work. This torch, including the coil, was immersed in cooling water in a
water tank in operation. The quartz vessel wall was cooled by cooling water circulating
outside of the vessel to maintain the wall temperature at around 300 K.
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Fig. 2.2 : Experimental setup of a planar inductively coupled thermal plasma (ICTP)
torch, (a) Front view and (b) Side view.
2.3.2 Gas flow pattern in the planar torch
In a planar ICTP torch, the thermal plasma should be thermally isolated from the
inner wall of the torch to avoid high heat flux from the thermal plasma to the wall.
The arrangement and the shape of the upper flange for introducing the plasma gas
and sheath gas are important factors to sustain the ICTP stably. The upper flange
connected to the upper part of the torch is shown in figure 2.3. Four terminals are used
to introduce the gas from the four sides of the flange. These terminals are connected
to four long tubes inside the flange. Each of the four long tubes has several gas outlet
holes supplying gas flow. As a result, gas is then supplied along the four walls of
the rectangular quartz vessel like curtains. These curtain gases prevent the thermal
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Fig. 2.3 : Gas allocation in a planar torch.
plasma from contacting the walls. We can respectively set these curtain gas flow rates
for longer side and shorter side. In this work, Ar gas with gas flow rate of 17 slm is
injected into the long side, and Ar gas with 6 slm is injected into the short side of the
torch. In order to control the high gas flow stably for a system running under vacuum,
the gas flow of 8.5 slm is introduced to each long side, and that of 3 slm for each short
side separately through the gas outlets of the long tubes inside the flange as curtains
along the wall. This means that the gas flow pattern prevent from the local massive
gas flow rates into the vessel, and protect the wall from the thermal plasma contact.
This gas flow pattern in a planar torch which has a dimension of 120 × 20 × 100 mm3,
is one of the importances to sustain ICTP in the torch stably.
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2.3.3 Electric circuit and measurement of the electrical prop-
erty for modulated induction thermal plasma
Figure 2.4 shows the electric circuit for a planar ICTP. For a planar-MITP, a
metal-oxide semiconductor field-effect transistor (MOSFET) RF power supply was used
with a matching transformer and an LC series circuit. The power supply has rated
power of 30 kW. The driving frequency of the power supply can be regulated from 40
kHz to 420 kHz according to the load impedance. This power supply has the phase-
locked-loop (PLL) control function to the RF current to match the load impedance
by tuning the driving frequency. Consequently, it can control the phase difference
between instantaneous output current iinv(t) and instantaneous output voltage vinv(t)
from the inverter power supply to 10 deg in less than 0.5 ms. It has an insulated gate
bipolar transistor (IGBT) dc–dc converter circuit, by which it can also modulate the
coil current amplitude iinv(t). To perceive response of the RF power supply for planar-
MITPs, the iinv(t) and vinv(t) were measured at the output terminal of the inverter
circuit with a high-frequency current transformer and a high-frequency voltage divider,
respectively, as presented in figure 2.4. The vinv(t) is a rectangular waveform because
of the MOSFET switching in inverter circuit, whereas the iinv is a sinusoidal waveform
because LC series resonance circuit is used for induction plasma establishment. In
addition, the root mean square values Vrms(t) and Irms(t) were estimated by integrating





















In those equations, Tcyc is the fundamental cycle of the RF coil current, and t and τ
are the time. It is noteworthy that Vrms(t) and Irms(t) changes with time t under the
coil current modulation condition. The electrical impedance Z(t) behind the output
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Fig. 2.4 : Electrical circuit for a planar modulated-induction thermal plasma system.
This impedance Z(t) has a resistance component because the PLL control is used.
This Z(t) is affected mainly by the change in the thermal plasma impedance. The
thermal plasma is well known as a secondary circuit of an equivalent transformer for
an inductively coupled plasma. Consequently, a change in Z(t) indicates the change in
the electrical conductivity and cross section of the current in the plasma torch.
The instantaneous power pinv(t) and time-averaged active power Pave(t) in a cycle
were also calculated with iinv(t) and vinv(t):







Active power Pave(t) also changes with time when the coil current is modulated.
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Table 2.1 : The parameters for TArex estimation. .
λ1 λ2






2.3.4 Measurement of the Ar excitation temperature
One important parameter for thermal plasma is the temperature to determine its
property. In this work, the Ar excitation temperature TArex was therefore determined
from spectroscopic observation. Spectroscopic observations were conducted on three
observation lines along a longer side of the rectangular vessel, as shown in figure 2.5.
The three observation lines are designated as A, B, and C, each of which has different
heights. Lines A, B, and C correspond respectively to those at 5 mm above the air-core
coil top, at the centre of the coil, and at 5 mm below the coil end. These observations
offer the temperature distribution and its temporal variation of the planar-MITP in
the rectangular torch as described later. At each observation position, the radiation
intensities of Ar atomic spectral lines at wavelengths of 703.0 nm and 714.7 nm and
that of continuum at 709 nm were measured simultaneously using a spectroscopic
observation system [23]. The spectroscopic observation system has an optical fibre
bundle and a polychromator with three photomultiplier tubes. The light from the
thermal plasma is transmitted through a lens and the optical fibre bundle to a slit of
the polychromator. At the focal plane of the polychromator, three other optical fibre
bundles are placed to detect radiation intensities at the three different wavelengths
specified. At other terminals of the three optical fibre bundles, three photomultiplier
tubes are located to measure the time evolution in the three radiation intensities above.
Use of this observation enables us to measure the time evolution in these radiation
intensities at the three different wavelengths above simultaneously.
This system has wavelength resolution of 0.4 nm. Subtracting the measured ra-
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Fig. 2.5 : Configuration of a planar induction thermal plasma torch with a spectro-
scopic observation system.
diation intensity at 709 nm from the measured radiation intensities at 703.0 nm and
714.7 nm yields the net radiation intensities of Ar atomic lines at 703.0 nm and 714.7
nm. Using the net radiation intensities at 703.0 nm and 714.7 nm, Ar excitation tem-
perature TArex between the specified levels was determined by the two-line method. In
this case, we measured the radiation intensities along the line of sight. These radi-
ation intensities is almost dominated by the maximum radiation intensity at highest
temperature region along the line of sight. Thus, the estimated excitation temperature
almost corresponds to the maximum temperature along the line of sight, or the mean
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temperature along the line of sight. Moreover, the excitation temperature estimated
by the two-line method using the two lines (703.0 and 714.7 nm) was confirmed to
have a similar magnitude estimated by the Boltzmann plot using the seven Ar spectral
lines at 687.1, 696.5, 703.0, 714.7, 727.3 and 738.4 nm [28]. By using this method, the
excitation temperature was estimated on the assumption that the population of the
excited states of Ar atom follows by the Boltzmann law. In this case, the Ar excitation




where λ1 and λ2 are the wavelengths of spectral lines, I1 and I2 are the radiation
intensities measured at λ1 and λ2 respectively, k is the Boltzmann constant, g is the the
statistical weight of the upper level, E is the excitation energy of the upper level and A
is the transition probability from the upper level to lower level [37]. Table 2.1 shows the
parameters of estimation for TArex . In addition, the time variation in T
Ar
ex was calculated
in real time in a digital signal processor (DSP) [23]. The two-dimensional visible light
emission from planar-MITPs was also observed with a high-speed color video camera
to elucidate the dynamic behaviour of the planar-MITPs. It is noteworthy that TArex is
considered close to the electron temperature under present experimental conditions.
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2.3.5 Experimental conditions
Table 2.2 presents the experimental conditions adopted for pure Ar planar ICTP
for modulation (planar-MITP) and non-modulation (planar-ICTP). The pressure in
the chamber was fixed at 30 Torr. The sheath gas was Ar, and its total gas flow was
set at 23 slm including 6 slm for the short sides and 17 slm for the long sides. The
driving frequency of the RF coil current was set to 369 kHz.
In this work, we set mainly two conditions: with coil modulation and without
modulation. In the coil current modulation condition, the coil current amplitude was
modulated into a rectangular waveform with a duty factor (DF) of 50%. The modulated
coil current has four control parameters: on-time, off-time, higher current level (HCL),
and the lower current level (LCL). The definitions of these parameters are obtainable
from an earlier report [26]. The on-time, during which the coil current amplitude is
HCL, was set to 25 ms. The off-time was also fixed at 25 ms. During the off-time, the
coil current amplitude was controlled to LCL. The shimmer current level (SCL), which
is defined as a ratio of LCL to HCL, was set to 70% [23]. The input power during LCL
was set to 7.5 kW, whereas the input power during HCL was set to 15.5 kW. In this
case, the averaged input power was therefore 11.5 kW. For comparison, experiments
were conducted under non-modulation condition with an input power of 11.5 kW.
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Table 2.2 : Experimental conditions of modulation and non-modulation of pure Ar
planar ICTP.
Modulation Non-modulation
Inverter output voltage [Vrms] 104 129
Inverter output current [Arms] 80 93
Inverter effective power [kW] 7.5 to 15.5 11.5
Duty factor [percent] 50 50
Pressure [Torr] 30 30
Shimmer current level 70 -
On time [ms] 25 -
Off time [ms] 25 -
Modulation signal form rectangular -
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2.4 Results and discussion
2.4.1 Dynamic behaviour of planar-ICTP with and without
coil current modulation
Figure 2.6(a) presents a photograph of a planar torch at no load: without a plasma;
(b) is a photograph of a planar torch with a plasma at 30 Torr at 11.5 kW without
modulation. The rectangular quartz vessel is cooled by cooling water circulating around
the vessel. Ar gas is supplied from the top of the plasma torch as a curtain gas. The
plasma is confirmed to be established stably inside the planar rectangular quartz vessel.
The plasma has a toroid along the coil. Therefore, the radiation intensity at the centre
of the coil from the plasma is lower than that at near the coil. In addition, the plasma
is ejected from the lower port of the torch to the reaction chamber placed downstream
of the torch, although that ejection is not visible in this photograph.
Such a planar plasma can also be sustained with coil current modulation. Fig-
ure 2.7 presents a photograph of light emission from the planar-MITP during coil
current modulation. The radiation intensity is shown here with colour fringes, where
higher intensity is indicated in red, and lower intensity is in blue. Here, the time t=0–
25 ms in the figure corresponds to the off-time, whereas t=25–50 ms is the on-time with
higher input power. At t=5 ms, which is regarded as off-time, the radiation intensity
from the planar-MITP is lower. At t=25 ms, i.e. the initiation of the on-time, the input
power to the planar-MITP begins to increase. Then, an increase in input power en-
hances thermal plasma in the torch in an ellipsoidal ring from along the coil, although
a lower half of the ellipsoid plasma-ring might be located in the chamber downstream
of the torch. As shown in figure 2.7, the high-intensity area actually expands up along
the coil from t=25 ms to 40 ms.
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Fig. 2.6 : Planar torch (a) no load condition (without a plasma) and (b) with plasma.
Fig. 2.7 : Radiation intensity distribution from a planar modulated induction thermal
plasma (planar MITP).
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2.4.2 Electrical properties of planar induction thermal plas-
mas
2.4.2.1 Current, voltage, input power, and electrical impedance in non-
modulation and modulation condition
Figure 2.8 portrays (i) the modulation control signal for coil current modulation,
(ii) the measured inverter current iinv(t) and voltage vinv(t), (iii) the calculated output
power pinv and Pave(t) from the inverter power supply, and (iv) the calculated effective
impedance Z(t). Figures 2.8(a) and 2.8(b) respectively correspond to results for non-
modulation and modulation. In addition, figure 4.8 shows the phase differences between
iinv(t) and voltage vinv(t) of (a) non-modulation and (b) modulation within 10 µs.
In the non-modulation condition presented in figure 2.8(a), iinv(t) and vinv(t) re-
spectively have constant root-mean-square values Irms(t)=80 Arms and Vrms(t)=105
Vrms, respectively. The output power pinv(t) and Pave(t) are also unchanged with time
with a constant value of 11.5 kW. The electrical impedance Z(t) is a stable value of 1.35
Ω under the non-modulation condition. As shown in figure 2.9(a), the phase difference
between iinv(t) and vinv(t) can be controlled to 10 deg, which indicates that impedance
matching is obtainable by PLL control and that the Z(t) is almost resistive. However,
no plasma condition provides the impedance Z(t) of 0.625 Ω in another measurement
with PLL control, indicating that this impedance of 0.625 Ω arises from the small re-
sistance in the matching transformer, the bus bar, and the coil in the LC resonance
circuit without a plasma. This result implies that the difference of 0.725 Ω in Z(t)
from 0.625 Ω to 1.35 Ω is attributed to a thermal plasma acting as a resistive load in
a secondary equivalent circuit.
Under the modulation conditions shown in figure 2.8(b), the amplitudes of the
iinv(t) and vinv(t) were modulated following the rectangular modulation signal by
switching IGBTs in dc–dc converter circuit. The root-mean-square quantities Irms(t)
and Vrms(t) also change with time according to the modulation signal. The time con-
stant of Irms(t) is affected to a marked degree by the capacitance and inductance in
the dc–dc converter circuit, as well as time constant of the thermal plasma. The time
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constant of the thermal plasma is generally determined by the energy conservation
equation, as described later.
Following this modulation, the active power Pave(t) is also modulated from 7.5
kW to 15.5 kW in a modulation cycle as shown in figure 2.8(b). Consequently, Pave(t)
twice changes with time during on-time and off-time. The transition time from the
lower to the higher power in Pave(t) was estimated as 2 ms. This time constant is
also determined mainly by the time constant of DC-DC converter electrical circuit
shown in figure 4.3. The time constant of 2 ms for transition in Pave(t) is mainly
attributable to the time constant of the dc–dc converter. In the modulation condition,
the electrical impedance Z(t) also changes with time. This change in Z(t) originates
from the change in the plasma impedance. The quantity Z(t) has values from 1.17 Ω to
1.46 Ω during the off-time and the on-time, respectively, in the modulation condition.
Z(t) has almost only an electrical resistance component because the PLL control can
control the phase difference between iinv(t) and vinv(t) to 10 deg even during current
modulation, as indicated in figure 4.8(b). The time change waveform in Z(t) is almost
identical to that in Pave(t) in panel (iii) in figure 2.8(b). As shown there, increasing
Pave(t) elevates Z(t). This increase in Z(t) can be regarded as attributable to a plasma
impedance decrease in the equivalent circuit for a transformer as follows.
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2.4.2.2 Consideration of change in electrical impedance
In this section, change in electrical impedance Z(t) for a planar ICTP, especially
for a planar-MITP, is examined with PLL control. Figure 2.10 presents the equivalent
circuit for an induction thermal plasma, where r1 stands for resistance including the bus
bar and the coil, C1 represents the capacitance, and L1 denotes the coil inductance, as
shown in figure 4.9(a). The induction thermal plasma is regarded as having resistance
rp in a secondary circuit in a transformer, as shown in figure 2.10(b). If one assumes
that the leakage impedances are small, then we finally get Z(t) in figure 2.10(c) as













Therein, ω stands for the fundamental frequency of the current and a is the winding
number of the coil. In the experiment, we used the phase-locked loop (PLL) control to
match the impedance. Consequently, Z(t) has almost the only resistive component as





In this case, Z(t) changes as a function of a plasma resistance rp shown in figure 2.11.
As this figure 2.11 shows, rp is infinity when no plasma exists. On the other hand, when
the plasma is ignited, rp is decreased from infinity to a finite value. A decrease in rp
from infinity up to a certain value increases Z(t) according to the equation above and
figure 4.10. When the input power Pave(t) increases, the thermal plasma temperature
is elevated. Then the electrical conductivity in the thermal plasma is also increased.
It therefore decreases thermal plasma resistance rp. Therefore, the increase in Z(t) by
elevating Pave(t) might arise from a decrease in the plasma impedance rp in figure 4.10.
The time constant of Z(t) is determined by the time constant of Pave(t) and also
the plasma impedance rp. Particularly, Z(t) has a long time constant of about 4 ms
in transition from higher to lower input power states. This longer time constant is
attributed mainly to the time constant of the thermal plasma, as described later.
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(a) (b)
Fig. 2.8 : Time evolutions in fundamental electrical properties: (a) non-modulation
and (b) modulation.
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Fig. 2.9 : Phase differences between iinv(t) and voltage vinv(t) in (a) non-modulation
and (b) modulation.
Fig. 2.10 : Equivalent circuit for inductively coupled thermal plasmas.
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Fig. 2.11 : Impedance change as a function of plasma resistance.
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2.4.3 Ar excitation temperature in planar induction thermal
plasma
2.4.3.1 Time variation in Ar excitation temperature
The Ar excitation temperature TArex was ascertained from spectroscopic observa-
tions. Figure 2.12 depicts the time variations in radiation intensities of Ar lines at 703.0
nm and 714.7 nm for (a) non-modulation and (b) modulation. These radiation inten-
sities were measured at x=8 mm, around the center axis of the torch, on observation
line C. The radiation intensity of continuum at 709 nm is also be seen in this figure. As
seen, the radiation intensities of Ar at 714.7 nm and 703.0 nm during non-modulation
are nearly the same, and the TArex in that case is estimated to be almost constant around
6000 K. On the other hand, there is a temporal change in the radiation intensities of
Ar lines, and TArex during modulation. In this case, T
Ar
ex changes with time from 5000
K to 6000 K following the modulation.
Figure 2.13 presents the Ar excitation temperatures TArex for different positions
x along a longer side of the rectangular vessel for non-modulation (a) and modula-
tion (b) with respect to the modulation control signal. The temporal evaluation in
TArex in this figure is the result measured on the observation line C below the coil. In
the non-modulation condition, the TArex at different positions are almost unchanged at
temperatures of 5700 K–6400 K, which indicates that the high-temperature plasma is
stably and statically established without coil current modulation in the rectangular
vessel. In the case of the coil current modulation, the TArex at any observation posi-
tion changes apparently with modulation control signal or Pave(t), having an almost
rectangular waveform. That temperature amplitude is estimated as about 1500 K for
power modulation from 7.5 kW to 15.5 kW. At x=−55, 41 and 58 mm, i.e. near the
wall, the TArex changes rapidly with time within 2 ms in almost rectangular shape. This
time of 2 ms is attributable to the time constant of input power change, as presented
in figure 2.8(b). At x=8 mm and x=−13 mm, i.e. around the centre of the torch, the
TArex varies with time more slowly than those near the wall at x=−55, 41, and 58 mm.
Particularly, the TArex around the centre of the torch decreases more slowly around the
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transition from the lower power state to the higher power state from t=50 ms to 60





= σ|E|2 −∇ · (κ∇T )− Prad (2.9)
where ρ stands for the mass density, Cp signifies the specific heat, T denotes the thermal
plasma temperature, σ represents the electrical conductivity, E denotes the electric
field strength, κ signifies the thermal conductivity, Prad represents the radiation loss,
D/Dt stands for the substantial derivative. Consequently, the time constant of thermal
plasmas is mainly attributable to ρCpL
2/κ, where L is the characteristic length of the
thermal plasma. The quantity ρCpL
2/κ becomes higher with decreasing temperature
T . Near the wall, the temperature is high above 6000 K and in addition the input power
density and also the convection loss because of gas flow are higher. Consequently, the
temperature can change fast near the wall. However, at the centre of the torch, the
temperature is lower than that near the wall as indicated later. As a result, the time
constant of the temperature becomes higher than 4 ms in transition from the higher
to lower input power.









































































































(ii) Radiation Intensity at 8 mm on line C
714 nm
(b)
Fig. 2.12 : Time evolutions in radiation intensites of Ar 703.0 nm and Ar 714 nm at 8
mm position on line C in a planar torch: (a) non-modulation and (b) modulation.








































































Fig. 2.13 : Time evolutions in Ar excitation temperature at different positions on line
C in a planar torch: (a) non-modulation and (b) modulation.
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 t= 25 ms
 t= 30 ms
 t= 35 ms
 t= 40 ms
 t= 45 ms
 t= 50 ms
(a)
















 t= 55 ms
 t= 60 ms
 t= 65 ms
 t= 70 ms
 t= 75 ms
(b)
Fig. 2.14 : Temporal variation of temperature distribution on line C during modulation:
(a) on time and (b) off time.
2.4.3.2 Longitudinal temperature distribution in a planar induction ther-
mal plasma
Figure 2.14 shows temporal variations of Ar excitation temperature distribution
at line C during modulation in (a) on-time and in (b) off-time. Time t=25 ms to 50 ms
corresponds to the on-time, whereas the time t=50 ms to 75 ms is the off-time. From
figure 2.13(a), it is evident that a higher temperature is detected especially around
both sides of the wall around x < −30 mm or x > 30 mm close to the coils compared
to those at the centre −25 < x <25 mm. This is true because the plasma is formed
with a ring shape in the torch. The radiation intensity is low at the centre of line C
according to figure 2.7.
At the earliest period of the on-time around t= 25 ms, the temperature was lower.
The temperature was increased with time from t=25 ms to t=35 ms. From t=35 ms
to 50 ms, the temperature changed only slightly with time statically. Around this
time, the uniformity of temperature distribution was improved. During the off-time,
as shown figure 2.13(b), the temperature decreased with time, becoming lower than
that of the on-time. From t=50 ms to t=55 ms, the temperature decreased rapidly.
Furthermore, the temperature distribution is more uniform along the position x at t=55
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    (Non-modulation) 
          11.5 kW 
Max. (Modulation) 
        15.5 kW 
Min. (Modulation) 
        7.5 kW 
Fig. 2.15 : Maximum and minimum temperature distributions on line C in a modula-
tion cycle for a planar-MITP comparable with temperature for non-modulated induc-
tion thermal plasma.
ms. Subsequently the temperature around the centre −25 < x < 25 mm decreased
with time. From this figure, the coil current modulation appears able to control the
temperature and temperature distribution in planar-MITP with time.
Figure 2.15 presents maximum and minimum values of TArex on line C for Ar planar-
MITP and TArex for a non-modulated Ar planar-ICTP at 11.5 kW. The maximum tem-
perature is apparent at the maximum power of 15.5 kW at on time. The minimum
temperature is obtained at minimum power 7.5 kW during off time as shown in fig-
ure 2.8(b). The temperature on line C in a modulation cycle for a planar-MITP is
around 6000–6500 K at 15.5 kW. It is around 4750–5500 K at 7.5 kW. For both sides
of higher and lower powers, the temperature is higher near the wall around x < −30
mm and x >30 mm than the temperature at position −25 < x < 25 mm. Between
these maximum and minimum values, the temperature can be changed with time in
a modulation cycle in a planar MITP. It is noteworthy that the averaged tempera-
ture between the maximum and minimum temperatures is lower than the temperature
for non-modulated planar ICTP in spite of the same input power condition for non-
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Fig. 2.16 : Time-averaged temperature distributions along the longer side of a pla-
nar-MITP with respect to lines A, B, and C.
modulated and modulated ICTP. Therefore, the modulation condition provides mod-
erate lower temperature thermal plasma established compared to the non-modulation
condition. The planar non-modulated ICTP at 7.5 kW was formed in the torch along
the position x.
The MITP system has periodically modulated temperature fields. Curves in fig-
ure 2.16 are the time-averaged TArex on lines A, B, and C during modulation and non-
modulation. Figure 4.5 shows that line A is the upper part along the coil, line B is
the middle line passing through the centre of the coil, and line C is the line located
the lower part of the coil. First, the time-averaged TArex along line A is distributed uni-
formly in both modulation and non-modulation. Line B has the lowest time-averaged
TArex at position −25 < x < 25 mm but it has the highest time-averaged TArex at position
x < −30 mm and x > 30 mm in both modulation and non-modulation. This is true
because a planar ICTP is produced strongly near the wall of the planar torch both in
modulation and non-modulation. However, at line C, the time-averaged TArex is higher
than that at line A. Moreover, the time-averaged TArex distributions are approximately
uniform within 600 K in the range of x= −60 mm to 60 mm for a planar MITP.
58 2 Fundamental properties of a planar ICTP with current modulation
As mentioned before, it is considered that the estimated excitation temperature
here almost corresponds to the maximum temperature along the line of sight, or the
mean temperature along the line of sight. Thus, the time averaged temperature distri-
bution along the longer side of a planar MITP with respect to line C is also closed to
the mean temperature along the line of sight.
In this figure, it is noteworthy that the time-averaged temperature distribution
during modulation is lower than the case of non-modulation, even at the same input
power. Therefore, the modulation can control the temperature in the time domain.
Thermal plasma with apparently moderate temperature with more volume can be
formed in the torch in a time-averaged term. This plasma formation is one feature of
the modulated induction thermal plasma. It is clear from the above results that the coil
current modulation can controls the thermal plasma temperature in time domain. This
temperature control would control the thermal damage to the substrate. According
to our previous work in reference [2], we found that the modulation would assist to
increase radicals density and to decrease the thermal flux to the sample irradiated by
the modulated thermal plasma. In this way, the coil current modulation would be
useful to the materials processing like surface modification.
2.5 Conclusions
In summary, a planar type of modulated induction thermal plasma (planar-MITP)
system was developed using rectangular quartz for large area materials processing.
Electrical properties have been investigated such as time variation in active output
power and effective electrical impedance change. In addition, the temperature dis-
tribution of planar MITP and non-modulated induction thermal plasma in a planar
torch were measured from spectroscopic observation to confirm changes of the active
power and the effective impedances of the thermal plasma. From this work, dynamic
behaviour of the planar MITP during modulation in electrical properties and in tem-
perature distribution is clarified in the planar torch.
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Chapter 3
Fundamentals of planar-type inductively
coupled thermal plasmas on a substrate for
large-area material processing
3.1 Introduction
Thermal plasmas have attracted much attention owing to their unique advantages
such as high gas temperature and high densities of reactive chemical species. From
these advantages, they are anticipated to be utilized for new innovations in industrial
applications. Among the various types of thermal plasmas, the inductively coupled
thermal plasma (ICTP) has been widely used as an effective source of heat and chemi-
cal species in various material processings such as the syntheses of diamond films [1]–[3]
and thermal barrier coatings [4]–[7], surface modification [8]–[10], and etching of sub-
strates [11]–[13], because it has a feature of no contamination without electrodes [14].
For various applications, a thermal plasma jet (TPJ) method using a nontrans-
ferred direct current (DC) plasma torch has been developed, for example, for instan-
taneous heating [16]–[19]. In a DC plasma torch, the current is flowing in a small
area of an arc plasma and an electrode. Therefore, the thermal energy of a DC arc
plasma with sufficiently high temperature would be concentrated in a small area of an
electrode where a flow of high current attempts to accelerate thermal electron emis-
sion and increase the conductivity of the surrounding space. This is a reason for the
shrinkage of a plasma discharge. It is obvious that a DC thermal plasma is suitable for
small-area material processing. For large-area material processing, a thermal plasma
generated in a DC arc torch would require a longer processing time to scan and irra-
66 3 Fundamentals of planar-type inductively coupled thermal plasmas
diate the surfaces of the materials such as Si3N4 and Si repeatedly. Moreover, there
is contamination from electrodes in DC arc generation [20]. Therefore, it is not ad-
equate to adopt thermal plasma generated in a DC arc torch to large-area material
processing. As another technique, an atmospheric line-shaped microplasma source was
developed for fine pattern etching [21]–[22]. For high-temperature processing, the plate
plasma was also developed [23]. However, both atmospheric line-shaped plasma and
plate plasma are unable to maintain a sufficiently high temperature for instantaneous
thermal processing.
The use of an inductively coupled plasma torch is a technique for generating ther-
mal plasma at atmospheric pressure. Since the original development in the 1960s,
a thermal plasma source of the ICP torch has been driven by radio frequency (RF)
power [24]–[25]. As compared with the competing industrial technology of a DC arc jet,
the ICTP is free from any contamination because there are no electrodes. Moreover,
the ICTP is capable of treating a large surface area with low gas velocities [26]. It has
been further reported that a sufficiently high temperature from the thermal plasma
generated by the ICP torch is achieved to perform the instantaneous thermal process-
ing and is higher than 10,000 K [27, 28]. The inductively coupled thermal plasma
(ICTP) is usually established by injecting Ar gas into a cylindrical tube with a coil
located around a tube for various applications [29]–[32]. It is not necessary to have a
circular cross section of the exciting coil and hence that of the plasma in the ICTP
torch: an inductively coupled plasma with noncircular and even relatively complicated
shapes such as triangles has been produced for specific applications [?].
To generate a large volume of thermal plasma, cylindrical ICTP torches of 100-
300 mm diameter have been developed. However, generating such a large volume of
thermal plasma requires a high RF power in the range of 10-100 kW [33]. For large-area
processings, an elongated ICP torch has been developed at atmospheric pressure [34]–
[35]. Similarly, we have newly developed a planar-type ICTP torch for the generation
of a large volume of elongated thermal plasma. This planar-type ICTP torch has a
rectangular quartz vessel instead of a cylindrical tube and is coupled with an air core
coil or a ferrite core coil [36]–[38]. This planar-type ICTP is our originally developed
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one. Furthermore, for the adoption of such a planar-type ICTP to material processing,
it is necessary to sustain the ICTP with molecular gases on a substrate stably.
In this work, we fundamentally investigated the steady-state properties of a new
planar-type Ar-O2 ICTP with a substrate. First, the configuration of a planar-type
Ar ICTP with O2 gas injection on a Si3N4 substrate holder to sustain it stably will be
discussed. The effect of the gas injection pattern on the planar-type Ar-O2 ICTP was
studied. The light emissions from the ICTP were measured using a high-speed video
camera. Secondly, spectroscopic observation was carried out to determine the uniform
formation of the thermal plasma on the substrate holder. Thirdly, the planar-type
Ar-O2 ICTP was actually irradiated to a Si substrate to produce a silicon oxide layer.
The thickness of the SiO2 layer modified from the Si surface was measured to confirm
the uniform oxidation by the planar-type Ar-O2 ICTP. Finally, an oxidation layer of
150 µm thickness was found to be formed with a lateral length of 40 mm after 10 min of
irradiation of the planar-type ICTP. From the above results, in this paper, we show the
possibility and potential of the developed planar-type ICTP for laterally long material
processing.
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3.2 Experiments
3.2.1 Experimental setup
Figure 3.1 shows the actual configuration of the planar-type ICTP torch. The
planar-type ICTP torch is made of a quartz vessel of 5 mm thickness because of its
excellent heat resistance. The quartz vessel has a rectangular inner cross section with
a dimension of 120 × 20 × 100 mm3. Under the quartz vessel, a stainless steel chamber
was installed. The chamber was connected to a vacuum pump.
A substrate holder is placed inside the rectangular vessel with a distance of 10
mm from the downer base edge of the vessel, as indicated in figure. 3.1. As the sub-
strate holder material, Si3N4 was used in the present work because it has a very high
melting temperature of 2173 K. Therefore, this substrate holder is hardly molten and
evaporated by the thermal plasma radiation in a short time. The size of the substrate
holder was 100 × 10 × 2 mm3.
The rectangular quartz torch was sandwiched by air core coils of 5 turns per side,
which generate an induced magnetic field perpendicular to the vessel. These air core
coils have a rectangular shape. The rf coil is made of copper and the numbers of turns
can be easily changed. These rectangular copper plate coils are electrically connected
to each other, but are separated by the insulating rings and bolts to avoid short circuit
between each of the coils. Because the coil is rectangular in shape, it generates a
magnetic field in a wider range than a round coil. The coil design is important to
determine the maximum value of the high-frequency current that can maintain the
plasmas. To these coils, the current was supplied from an rf inverter power source
at a rated power of 30 kW through an LC series matching circuit. The vessel wall
was cooled by cooling water outside of the vessel to maintain the wall temperature at
around 300 K. This torch including the coils was immersed in cooling water in a water
tank during operation.
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Fig. 3.1 : Experimental setup of a planar-type ICTP torch with Si3N4 substrate: (a)
front and (b) side.
3.2.2 Gas flow pattern in the planar-type torch
In a planar-type ICTP torch, the thermal plasma should be isolated from the inner
wall of the torch to avoid a high heat flux from the thermal plasma to the wall. In
addition, the gas flow pattern of the molecular gas injection into the torch markedly
affects the stablity of thermal plasmas to sustain and produce the desired reaction of
the thermal plasma atmosphere. Therefore, the arrangement and shape of the upper
flange for introducing the plasma and sheath gas are important factors for sustaining
the ICTP stably. The upper flange connected to the upper part of the torch is shown
in figure. 3.2. There are four terminals for introducing the gas from the four sides of
the flange and three terminals at the center of the flange. From these four sides, Ar
gas is suppled into two short-sided and two long-sided terminals. On these terminals,
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Fig. 3.2 : Gas allocation in a planar torch
there are several holes providing gases. In the present work, from this upper flange,
the Ar gas injected into the short- and long-sided terminals will allow the gas to flow
along the walls of the torch like a curtain of gas. On the other hand, from the center of
the flange, the O2 gas is injected through a 1 mm mesh as a precipitation. The above
gas allocation makes a planar-type Ar-O2 ICTP sustained stably on the substrate.
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3.3 Fundamental characteristics of planar-type ICTP
with a substrate holder
3.3.1 Common experimental conditions
As shown in figure. 3.2, Ar gas was injected from the head of the quartz torch
along the four walls as a sheath gas like a curtain. This sheath gas was supplied
separately for the long-sided and short-sided terminals. On the other hand, the O2 gas
was injected as a precipitation through a mesh from the top of the torch. The injection
gas flow rates are one of the main issues for sustaining the planar-type Ar-O2 ICTP
stably. Thus, different combinations of gas flow rates were adopted in this work. Here,
we use the description of ‘(1+6)/0.1 slm’ for an Ar gas flow rate of 1 slm for the short
sides, an Ar gas flow rate of 6 slm for the long sides, and an O2 gas flow rate of 0.1
slm. In this work, the pressure was fixed at 20 Torr. An rf power inverter source was
used with a driving frequency of 357 kHz. The output power from the source was fixed
at 7 kW for the ICTP to be sustained on the Si3N4 substrate holder. In the above
case, the maximum value of the magnetic field (Hmax) around the rectangular coil was
calculated as 5300 A/m.
3.3.2 Increasing Ar gas flow rate for the long sides of the
planar-type torch
Table I shows the experimental conditions with increasing Ar gas flow rate for the
long sides of the torch. The effect of the gas injection pattern for the long sides on the
planar-type Ar-O2 ICTP was considered with a fixed Ar gas flow rate of 4 slm for the
short sides of the torch, while the molecular gas O2 flow rate was set at 0.1 slm. The
Ar gas flow rates for the long sides were set at 0 to 10 slm. First, Ar gas at a flow
rate of 4 slm was injected into the long sides of the torch following the description of
(4+4)/0.1 slm. Then the gas flow rates for the long sides are gradually increased to
(4+6)/0.1 slm and (4+8)/0.1 slm. Finally, the total gas flow rate was (4+10)/0.1 slm.
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Table 3.1 : Experimental conditions (1-4) with increasing Ar gas flow rate for the long
sides.
1 2 3 4
Inverter output voltage (V) 97 97 97 93
Inverter output current (A) 73 73 73 76
Coil current frequency (kHz) 357 357 357 356
High-frequency rf power (kW) 7 7 7 7
Ar for short sides (slm) 4 4 4 4
Ar for long sides (slm) 4 6 8 10
O2 (slm) 0.1 0.1 0.1 0.1
Pressure (Torr) 20 20 20 20
The ICTP could be sustained at lower gas flow rates for the long sides below 4 slm.
On the other hand, the gas flow rates for the short sides must also be at least 4 slm to
sustain the plasma when the Ar gas flow rate for the long sides was 4 slm.
3.3.3 Increasing Ar gas flow rate for the short sides of the
planar-type torch
Table II shows the experimental conditions for increasing the Ar gas flow rate for
the short sides of the torch. The effect of the gas injection pattern for the short sides
on the planar-type Ar-O2 ICTP was studied with a fixed Ar gas flow rate of 6 slm for
the long sides of the torch, while the O2 gas flow rate was set at 0.1 slm. First, Ar
gas at a flow rate of 1 slm was injected into the short sides of the torch, and then it
was increased to 2 slm following the description of (2+6)/0.1 slm. This Ar gas flow
rate for the short sides is gradually increased to (4+6)/0.1 slpm. Under the first three
conditions, the gas flow rates for the short sides are still less than those for the long
sides. The next condition is (6+6)/0.1 slm with the same gas flow rates for the short
and long sides. However, under the last condition, the Ar gas flow rate for the short
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Table 3.2 : Experimental conditions (1-5) with increasing Ar gas flow rate for the short
sides.
1 2 3 4 5
Inverter output voltage (V) 95 97 98 98 96
Inverter output current (A) 74 73 72 73 74
Coil current frequency (kHz) 357 357 357 357 357
High-frequency rf power (kW) 7 7 7 7 7
Ar for short sides (slm) 1 2 4 6 8
Ar for long sides (slm) 6 6 6 6 6
O2 (slm) 0.1 0.1 0.1 0.1 0.1
Pressure (Torr) 20 20 20 20 20
sides is much higher than that for the long sides of the torch, (8+6)/0.1 slm.
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Fig. 3.3 : Visible light emission from planar-type Ar/O2 ICTP at 7 kW and 20 Torr
with a fixed Ar gas flow rate of 4 slm for the short sides. The O2 gas flow rate was 0.1
slm. Only the Ar gas flow rates for the long sides were changed: (a) (4+4)/0.1, (b)
(4+6)/0.1, (c) (4+8)/0.1, and (d) (4+10)/0.1 slpm.
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3.4.1 Visible light emissions from planar-type Ar-O2 ICTP
Figure 3.3 shows the visible light emissions from a planar-type Ar-O2 ICTP with a
Si3N4 substrate holder with increasing Ar gas flow rates for the long sides. The Ar gas
flow rate for the short sides was fixed at 4 slm. The radiation intensity was measured
using a high-speed video camera with a visible light sensitivity. The radiation intensity
was expressed with color fringe. As seen in figure. 3.3, the ICTP is sustained with a
ring shape along the coils in the torch. The ICTP inside the coil region is less diffused
at the pressure of 20 Torr. It can also be seen that the lower side of the ICTP is formed
on the Si2N4 substrate holder.
Increasing the Ar gas flow rates for the long sides from 4 to 10 slm increases the
radiation intensity of ICTP along the coil. In addition, the ring of the ICTP is shifted
to the lower side because of higher Ar gas flow convection from the top side. As a
result, the ICTP has a higher radiation intensity on the Si3N4 substrate holder, as seen
in figure. 3.3(d).
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Fig. 3.4 : Visible light emission from planar-type Ar/O2 ICTP at 7 kW and 20 Torr
with a fixed Ar gas flow rate of 6 slpm for the long sides. The O2 gas flow rate was 0.1
slpm. Only the Ar gas flow rates for the short sides were changed: (a) (1+6)/0.1, (b)
(2+6) /0.1, (c) (4+6) /0.1, (d) (6+6) /0.1, and (e) (8+6) /0.1 slm.
On the other hand, figure. 3.4 shows the visible light emissions from a planar-type
Ar-O2 ICTP with the substrate holder with increasing Ar gas flow rate for the short
sides from 1 to 8 slm. The Ar gas flow rate for the long sides was fixed at 6 slm. At a
lower Ar gas flow rate for the short sides, as shown in figures. 3.4(a) and 3.4(b), the
radiation intensity of ICTP on the substrate is less uniform.
Increasing the Ar gas flow rate for the short sides from 2 to 6 slm enhances the
radiation intensity of the ring ICTP markedly. This may be because increasing the
Ar gas flow rate for the short sides cools the thermal plasma near the short-sided
walls and pinches the ring thermal plasma. Thus, the current density inside the ICTP
increases to enhance the temperature and the radiation intensity of the ICTP. At the
gas flow rate of (6+6)/0.1 slm, the ICTP becomes stable on the substrate, and the
higher radiation intensity of ICTP is seen inside the coil. A further increase in the Ar
gas flow rate for the short sides makes the ICTP more stable on the Si3N4 substrate
holder, as indicated in figure. 3.4(e). In this case, an almost uniform thermal plasma
is sustained on the Si3N4 substrate holder.
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3.4.2 Spectroscopic observation
To consider the uniformity of the thermal plasma formed on the substrate holder,
spectroscopic observation was carried out [39, 40] at 3 mm above the Si3N4 substrate
holder surface. The observation region was between −50 and 50 mm laterally along
the substrate holder. The averaging of spectroscopic observation was carried out 500
times in this work. Figure 3.5 indicates the emission spectra of planar-type Ar-O2
ICTP with a gas flow rate of (4+8)/0.1 slm observed at the center of the substrate
holder, X = 0 mm as an example. On the other hand, figure. 3.6 shows the emission
spectra of planar-type Ar-O2 ICTP with a gas flow rate of (8+6)/0.1 slm, observed at
the same position. As seen in these figures, the Ar atomic lines and O atomic lines
could be detected at both positions. This means that high-density O atoms can be
produced in the thermal plasma at both observation positions.
To study the uniformity of ICTP on the substrate holder, the lateral distribution
of the radiation intensity was measured. The lateral distributions of the radiation
intensity of the Ar I line at 811.5 nm and the Ar I line at 842.5 nm are shown at
different Ar gas flow rates for the long sides in figure. 3.7, and at different Ar gas flow
rates for the short sides in figure. 3.8. The vertical axes in these figures indicate the
lateral positionX from the center of the substrate holder (0 mm). As seen in figure. 3.7,
increasing the Ar gas flow rate for the long sides increases the radiation intensity from
the Ar I line around the center of the substrate. This is because a higher gas flow for
the long sides sustains the ring shape of ICTP at a lower position near the substrate
holder. The uniformity in the radiation intensity is thus less with an increased Ar gas
flow rate for the long sides.
On the other hand, increasing the Ar gas flow rate for the short sides decreases
the radiation intensity from the Ar atom around the center as indicated in figure. 3.8.
This improves the lateral uniformity of the radiation intensity from the ICTP on the
substrate holder. The oxygen atom is one of the key species for oxidation processing
using thermal plasmas. Figure 3.9 shows the lateral distribution of the radiation inten-
sities of O I lines at 777.5 nm with increasing Ar gas flow rate for the long sides of the
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Fig. 3.5 : Emission spectra from planar-type Ar/O2 ICTP with a gas flow rate of
(4+8)/0.1 slm at 7 kW and 20 Torr at the center position X = 0 mm at 3 mm above
the substrate.































Fig. 3.6 : Emission spectra from planar-type Ar/O2 ICTP with a gas flow rate of
(8+6)/0.1 slm at 7 kW and 20 Torr at the center position X = 0 mm at 3 mm above
the substrate.
torch. The Ar gas flow rate for the short sides is fixed at 4 slm. As shown in figure. 3.9,
increasing the Ar gas flow rate for the long sides increases the radiation intensity of
the O I line around the center X=0 mm, which degrades the uniformity in distribution
on the substrate holder. At a lower Ar gas flow rate of (4+4)/0.1 slm, the O atomic
line has a more uniform radiation intensity distribution on the substrate holder. The
uniformity in the radiation intensity of the O I line at 777.5 nm is improved by increas-
ing the Ar gas flow rates for the short sides. This improvement in the uniformity by
increasing the Ar gas flow rate for the short sides is shown in figure. 3.10. From the
above results, it was found that a higher gas flow rate for the short sides can be used
for the uniform oxidation processing of a Si substrate.
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Fig. 3.7 : Lateral distribution of radiation intensities of Ar I line at 811.5 nm and Ar
I line at 842.5 nm at 7 kW and 20 Torr with increasing Ar gas flow rates for the long
sides of the planar-type torch.
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Fig. 3.8 : Lateral distribution of radiation intensities of Ar I line at 811.5 nm and Ar
I line at 842.5 nm at 7 kW and 20 Torr with increasing Ar gas flow rates for the short
sides of the planar-type torch.
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Fig. 3.9 : Lateral distribution of radiation intensities of O I line at 777.5 nm at 7
kW and 20 Torr with increasing Ar gas flow rates for the long sides of the planar-type
torch.


































Fig. 3.10 : Lateral distribution of radiation intensities of O I line at 777.5 nm at 7
kW and 20 Torr with increasing Ar gas flow rates for the short sides of the planar-type
torch.
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Table 3.3 : Experimental conditions (1-5) with increasing Ar gas flow rate for the short
sides.
1 2 3 4 5
Inverter output voltage (V) 96 97 97 97 97
Inverter output current (A) 72 73 73 72 72
Coil current frequency (kHz) 360 360 360 360 360
High-frequency rf power (kW) 7 7 7 7 7
Ar for short sides (slm) 1 2 4 6 8
Ar for long sides (slm) 6 6 6 6 6
O2 (slm) 0.1 0.1 0.1 0.1 0.1
Pressure (Torr) 20 20 20 20 20
3.5 Adoption of planar-type ICTP to oxidation pro-
cessing of Si substrate surface
3.5.1 Experimental conditions for ICTP irradiation to a Si
substrate
In this work, a planar-type Ar-O2 ICTP was adopted to a Si substrate surface
oxidation on the basis of the experimental results in the previous section to see the
uniformity of a thermal plasma on the substrate. Table III shows the experimental
conditions. In this work, the pressure was fixed at 20 Torr. The rf power inverter
source was operated with a driving frequency of 360 kHz. The output power from
the source was fixed at 7 kW. The experimental setup is the same as that shown in
figure. 3.1. The only difference is that a Si (100) substrate of 80 × 8 × 0.6 mm3 size
is placed on the Si3N4 holder. The irradiation of a planar-type Ar-O2 ICTP to the Si
substrate was carried out for different Ar gas flow rates for the short sides of the torch.
The Ar gas flow rate for the long sides was fixed at 6 slm, and the O2 gas flow rate
from the top flange was 0.1 slm. The irradiation time was 10 min.
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Fig. 3.11 : Visible light emission from Ar/O2 planar-type ICTP with Si substrate at
7 kW and 20 Torr with an Ar gas flow rate of 6 slm for the long sides and an O2 gas
flow rate of 0.1 slm. (a) (1+6)/0.1, (b) (2+6) /0.1, (c) (4+6) /0.1, (d) (6+6) /0.1, and
(e) (8+6) /0.1 slm.
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3.5.2 Results and discussion on Si substrate surface oxidation
by Ar-O2 ICTP
Figure 3.11 shows the visible light emissions from a planar-type Ar-O2 ICTP with
a Si substrate on the Si3N4 holder for different Ar gas flow rates for the short sides.
As the Ar gas flow rate is increased for the short sides, the radiation intensity of the
thermal plasma on the Si substrate increases, as seen in figure. 3.11. At Ar gas flow
rates for the long sides higher than 6 slm, the ICTP clearly has a ring shape in the
torch, and the ICTP is formed on the Si substrate with a high intensity, as seen in
figure. 3.11(d).
Such a planar-type Ar-O2 ICTP was adopted for the surface oxidation of a Si
substrate to be irradiated to study the uniformity of the planar-type ICTP. After
irradiation, the fabricated oxide layer thickness of the Si substrate was measured by
the optical interference method. In this measurement, the oxide layer was assumed to
be SiO2 with a refractive index of 1.46. Figures 3.12(a) and 3.12(b) show the thickness
of oxidation layers and the image of the irradiated Si substrate at gas flow rates of
(8+6)/0.1 slm and (2+6)/0.1 slm, respectively. In these figures, the vertical axes
are the lateral length of the Si substrate from which the oxidation layers have been
measured between −32 and 32 mm. As seen in figures. 3.12(a) and 3.12(b), the oxide
layer was formed with a thickness of around 0.15 µm after 10 min of irradiation of a
planar-type Ar-O2 ICTP. At a gas flow rate of (8+6)/0.1 slm, a more uniform oxide
layer was obtained compared with that under the (2+6)/0.1 slm condition.
Also, for the other gas flow rates, the planar-type ICTP was irradiated to the Si
substrate for surface oxidation. Figure 3.13 shows the lateral distribution of oxidation
layer thickness on the surfaces of the Si substrates irradiated by planar-type Ar-O2
ICTP. Only the Ar gas flow rates for the short sides of the planar-type torch were
changed. This figure indicates that the oxide layer thickness is 0.15 µm after 10 min of
irradiation, and that an almost uniform oxide layer of 30 mm length can be obtained
at gas flow rates of (4+6)/0.1 slm to (8+6)/0.1 slm.
Generally, by increasing the Ar gas flow rates for the short sides of the planar-type
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torch, uniform thermal plasmas were formed on the Si substrate. For the gas flow rates
for the short and long sides of the torch of (4+6)/0.1 slm to (6+6)/0.1 slm, it seems
that a uniform ICTP is generated on the Si3N4 holder without a Si substrate. In these
cases, an almost uniform oxidation layer tends to be obtained on the Si substrates. This
means that the O atom density and temperature would be obtained more uniformly
on the substrate and then a uniform-line oxidation layer could be provided.
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Fig. 3.12 : Thickness of oxidation layer of Si substrates at 7 kW and 20 Torr with an
Ar gas flow rate of 6 slpm for the long sides and an O2 gas flow rate of 0.1 slm. (a)
(8+6)/0.1 and (b) (2+6)/0.1 slm.
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Fig. 3.13 : Thickness of oxidation layer of Si substrates with increasing Ar gas flow
rates for the short sides of the planar-type torch.
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3.6 Conclusions
In this paper, the fundamentals of a planar-type Ar-O2 ICTP were studied on a
Si3N4 substrate holder by spectroscopic observation. The dynamic behaviors of a planar
Ar-O2 ICTP were observed during both irradiation of Si3N4 and Si with different Ar
gas flow rates. We found that a planar-type Ar-O2 ICTP could be stably sustained on
the substrate with Ar sheath gas along the walls. Therefore, we mainly investigated
the effect of sheath gas flow rate on the uniformity of thermal plasma on the substrate.
The oxygen atomic line has a more uniform radiation intensity with the higher shealth
gas flow rate than that with the lower shealth gas flow rate along the lateral direction
on the substrate. Finally, an oxide layer of 0.15 µm thickness and 30 mm length was
obtained on the Si substrate by 10 min of irradiation of a planar-type Ar-O2 ICTP.
References
[1] J. O. Berghaus, J. -L. Meunier, and F. Gitzhofer 2004 Monitoring and control of
RF thermal plasma diamond deposition via substrate biasing Meas. Sci. Technol.
15, 161.
[2] S. Matsumoto, M. Hino, and T. Kobayashi 1987 Synthesis of diamond films in a
rf induction thermal plasma Appl. Phys. Lett.51, 737.
[3] Y. Haruta, K. Fujimoto, S. Horita, Y. Tanaka, Y. Uesugi, and I. Ishijima 2013
Time evolution in radiation intensities of C2 and H spectra in Ar/CH4/H2 pulse
modulated induction thermal plasmas for diamond film deposition J. Phys. Conf.
Ser. 441, 012017.
[4] G. Nutsch 2011 Atmospheric induction plasma spraying High Temp. Mater. Pro-
cesses 15, 61.
[5] J. Schloesser, M. Baker, and J. Rosler 2011 Laser cycling and thermal cycling
exposure of thermal barrier coatings on copper substrates Surf. Coatings Technol.
206, 1605.
[6] B. Z. Janos, E. Lugscheider, and P. Remer 1999 Effect of thermal aging on the
erosion resistance of air plasma sprayed zirconia thermal barrier coating Surf.
Coatings Technol. 113, 278.
[7] A. Bennett 1984 Properties of Thermal Barrier Coatings Mater. Sci. Technol. 2,
257.
[8] Y. Tanaka, T. Muroya, K. Hayashi, and Y. Uesugi 2007 Control of nitrogen atomic
87
88 References
density and enthalpy flow into reaction chamber in Ar/N2 pulse-modulated induc-
tion thermal plasmas IEEE Trans. Plasma Sci. 35, 197.
[9] Y. Tanaka 2011 Modelling of non-equilibrium effects in arcs and thermal plasmas
Proc. Symp. Physics Switching Arc pp. 67-76.
[10] M. Leparoux, Y. Leconte, A. Wirth, and T. Buehler 2010 In situ treatment of
thermal RF plasma processed nanopowders to control their agglomeration and
dispersability Plasma Chem. Plasm. Proc. 30, 779.
[11] S. Banna, A. Agarwal, K. Tokashiki, H. Cho, S. Rauf, V. Todorow, K. Ra-
maswamy, and K. Collons, IEEE Trans. Plasma Sci. 37, 1730 (2009).
[12] C. M. Tan and M. D. Le 2011 Contamination assessment of inductive couple
plasma etching chamber under mixture of recipes using statistical method IEEE
Int. Conf. Electron Devices and Solid-State Circuits, (EDSSC) 6117565.
[13] A. Agarwal, S. Banna, V. Todorow, S. Rauf, and K. Collons 2011 Inductively
coupled pulsed plasmas in the presence of synchronous pulsed substrate bias for
robust, reliable, and fine conductor etching IEEE Trans. Plasma Sci. 39, 2516.
[14]
[15] Y. Tanaka, T. Nagumo, H. Sakai, Y. Uesugi, Y. Sakai and K. Nakamura 2010
Nanoparticle synthesis using high-powered pulse-modulated induction thermal
plasma J. Phys. D: Appl. Phys. 43 26520.
[16] S. Higashi, H. Kaku, T. Okada, H. Murakami, and S. Miyazaki 2006 Crystallization
of Si in millisecond time domain induced by thermal plasma jet irradiation Jpn.
J. Appl. Phys. 45, 4313.
[17] H. Furukawa, S. Higashi, T. Okada, H. Murakami, and S. Miyazaki 2009 Millisec-
ond rapid thermal annealing of Si wafer induced by high-power-density thermal
plasma jet irradiation and its application to ultrashallow junction formation Jpn.
J. Phys. 48, 04C011.
References 89
[18] K. Matsumoto, Y. Nishida, A. Ohta, H. Murakami and S. Higashi2010 Proc. Int.
Symp. Dry Process p.105.
[19] R. Ashihara, A. Ohta, S. Higashi, H. Murakami, and S. Miyazaki 2011 Proc. Int.
Symp. Dry Process p.157.
[20] K. Miyashita and S. Higashi, Japan Patent Disclosure 53632 (2008).
[21] T. Okumura, M. Saitoh, Y. Yashiro, and T. Kimura 2003 Jpn. J. Appl. Phys. 42,
3995.
[22] T. Okumura, M. Saitoh, and I. Matsuda 2004 Jpn. J. Appl. Phys. 43, 3959.
[23] M. Miyake and K. Yokogawa, Proc. Int. Symp. Dry Process, 2011, p.167.
[24] T. B. Reed 1961 Induction-coupled plasma torch J. Appl. Phys. 32, 821-824.
[25] M. I. Boulos 1992 RF induction plasma spraying: State-of-the-art-review Therm.
Spray Technol. 1, 33-40.
[26] T. B. Reed 1961 Induction-coupled plasma torch J. Appl. Phys. 32 821-824.
[27] T. Watanabe, K. Yanase, T. Honda, and A. Kanzawa 1990 The Flow, Temperature
and Concentration Fields in a Radio-Frequency Argon-Helium PlasmaJ. Chem.
Eng. Jpn. 23 389.
[28] N. Ikhlef, M. R. Me´kide´che, and O. Leroy 2011 Modeling of analysis ICP torch at
atmospheric pressure with applied voltage IEEE Trans. Plasma Sci. 39, 2380.
[29] Y. Tanaka, Y. Morishita, S. Fushie, K. Okunaga, and Y. Uesugi 2007 Genera-
tion of high-power arbitrary-wave-form modulated inductively coupled plasmas
for materials processing Appl. Phys. Lett. 90, 071502.
[30] Y. Tanaka, Y. Uesugi, and T. Sakuta 2007 Controlling the number of excited
atoms flowing into the reaction chamber using pulse-modulated induction thermal
plasmas at atmospheric pressure Plasma Sources Sci. Technol. 16, 281.
90 References
[31] H. Tsuchida, I. Kamata, T. Jikimoto, and K. Izumi 2002 Novel development
of an inductively coupled thermal plasma with pulse amplitude modulation of
electromagnetic field Electr. Eng. Jpn. 138, 26.
[32] T. Ishigaki, X. Fan, T. Sakuta, T. Banjo, and Y. Shibuya 1997 Generation of
pulse-modulated induction thermal plasma at atmospheric pressure Appl. Phys.
Lett. 71, 3787 (1997).
[33] C. E. Vogel, J.W. Poole, and P.H. Dundas 1971 NASA Contractor Rep. NASA
CR-1804
[34] T. Okumura and H. Kawaura 2013 Elongated inductively coupled thermal plasma
torch operable at atmospheric pressure Jpn. J. Appl. Phys. 52 05EE01.
[35] T. Okumura, K. Eriguchi, M. Saitoh and H. Kawaura 2014 Annealing performance
improvement of elongated inductively coupled plasma torch and its application to
recovery of plasma-induced Si substrate damage Jpn. J. Appl. Phys. 53 03DG01 .
[36] K. Kuraishi, M. Akao, Y. Tanaka, Y. Uesugi, and T. Ishijima 2012 Temperature
Behavior in a Tandem Type of Modulated Induction Thermal Plasma for Materials
Processings J. Phys. : Conf. Ser. 441, 012016 .
[37] M. Akao, K. Kuraishi, Y. Tanaka, Y. Uesugi, T. Ishijima, and T. Yoshida 2013
Temperature evolution in a large voulume planar type of modulated thermal plas-
mas presented at Int. Symp. Plasma 2013.
[38] M. Akao, K. Kuraishi, Tanaka Y, Y. Uesugi and T. Ishijima 2013 Development of
Large Volume Planar Inductively Coupled Thermal Plasma Torch with Current
Modulation ISPlasma 2013 74 .
[39] U Fantz 2006 Basics of plasma spectroscopy Plasma Sources Sci. Technol. 15,
S137.
[40] U. Cvelbar, N. Krstulovic´, S. Milos˘evic´, and M. Mozetic˘ 2008 Vacuum 82, 224.
Chapter 4
Uniform surface oxidation of an Si
substrate by a planar modulated
inductively coupled thermal plasma with
molecular gas feed
4.1 Introduction
The inductively coupled thermal plasmas (ICTP) have unique features of high
temperature and high radical density without any contamination [1]. Therefore, it has
been used as effective heat and source of chemical species for new innovation in indus-
trial applications such as surface modification [2]–[5], etching of substrates, thermal
barrier coating [6]–[9], nanoparticle synthesis [10]–[13], diamond film deposition [14]–
[17], etc. The ICTP, which was originally developed in the 1960s [18]–[19], is sustained
by a radio frequency (RF) power source. Thus, the conventional ICTP torch can
generate a thermal plasma free from any impurities without requiring any electrodes.
Because of this fact, the ICTP is highly useful for materials processing. However, it
is difficult to apply the thermal plasma generated in a conventional cylindrical ICTP
torch for large-area materials processing. This is because it is difficult to expand the
diameter and thus the irradiation area, of the conventional cylindrical ICTP although
the conventional cylindrical torch of 100–300-mm-diameter with high RF power of tens
to hundreds of kW [20, 21] has been developed to generate a large volume of thermal
plasma. The large-area cylindrical torch requires extremely high input power to sustain
a thermal plasma.
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We have developed a planar-type ICTP torch to generate a laterally- elongated
thermal plasma for large-area materials processing [22]. Unlike the conventional cylin-
drical torch, this planar torch is a rectangular vessel sandwiched by the air core coils
or ferrite core coils. In the planar torch, a donut shaped induction thermal plasma was
generated [22]. Furthermore, the coil current modulation was successfully adopted to
the planar ICTP system to control the temperature of the thermal plasmas [23]–[24].
This coil current modulation technique for the induction thermal plasmas has been
developed by our group [25]–[28]. The intentions of coil current modulation are to
induce an ICTP under a transient and dynamic state and produce a chemically non-
equilibrium condition. The time-average temperature of thermal plasma is expected to
be controlled by this modulation. We have investigated the electrical properties such
as effective electrical impedance and instantaneous effective power of the generated
planar ICTP at a pressure of 30 Torr at an input power about 10 kW. The temper-
ature variation in the planar modulated ICTP was obtained for different modulation
conditions [24]. For the similar purpose, Okumura etal developed an elongated ICP
torch at atmospheric pressure [29]–[30].
On the other hand, we have adopted this planar ICTP system without coil current
modulation for surface oxidation processing of a Si substrate, and the fundamental
steady-state properties of a planar Ar–O2 ICTP with a substrate were investigated in
our previous work [31]. From these results, we have found that the planar ICTP can
be adopted for the large-area rapid oxidation of Si substrate.
The main purpose of the present work is to adopt a planar ICTP with coil current
modulation for rapid and uniform oxidation of a Si substrate surface. The planar
ICTP can produce laterally-elongated thermal plasma on a Si substrate, while the coil
current modulation can offer the controlled thermal plasma fields. The combination
of planar ICTP and the coil current modulation is expected to give controlled thermal
plasma fields and controlled oxidation processing. Furthermore, molecular gas O2
which generally reduces the stability of the ICTP because molecular gas consumes
electron energy for its dissociation and excitation. To overcome this instability issue,
the planar modulated ICTP is investigated. Firstly, visible light emission distribution
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from the planar modulated ICTP was studied on a substrate holder using a high-speed
video camera to consider the dynamic behavior of the planar modulated ICTP. A part
of the planar modulated ICTP was formed on the substrate holder, which was used
for surface modification of the substrate. Secondly, the electrical properties such as
effective electrical impedance and instantaneous effective power of the thermal plasma
were studied for the modulated planar ICTP on the substrate holder at a pressure of
10 Torr and an input power about 10 kW. Thirdly, to fulfil the main purpose of this
work, a rapid surface oxidation test was made by placing a Si substrate on the substrate
holder and a planar modulated Ar–O2 ICTP was formed on the substrate. The effect
of modulation frequencies and duty factors in a modulation cycle was investigated on
the uniformity of planar modulated ICTP. The thickness of oxide layer fabricated on
the Si substrates was measured after one-minute irradiation of planar modulated Ar–
O2 ICTP at different modulation frequencies and duty factors. Finally, the effect of
modulation on improvement of the uniformity of oxide layer thickness was discussed.
4.2 Experimental setup and conditions
4.2.1 A planar type of inductively coupled thermal plasma
torch with a substrate holder
The actual configuration of the planar-ICTP torch in the present work is shown
in figure 4.1. The planar-ICTP torch is made of a rectangular quartz vessel with 5 mm
thickness and it has a rectangular inner cross-section with dimensions of 120 mm ×
20 mm × 100 mm. Under the rectangular quartz vessel, the vacuum chamber made
of stainless steel was installed. This vacuum chamber was connected with a vacuum
pump.
In the rectangular quartz vessel, a substrate holder with a size of 100 mm × 10 mm
× 2 mm is located. This substrate holder is made of Si3N4. The Si3N4 material was
used as a holder because of its high melting point of 2173 K. The substrate holder was
placed with a distance of 10 mm from the downer base edge of the vessel as indicated
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in figure 4.1. On the substrate holder, a substrate with a size of 80 × 8 × 0.6 mm3
can be placed in the vacuum chamber.
A rectangular air-core coil of 5 turns per side is located to the rectangular quartz
torch as shown in figure 4.1. This air-core coil is made of rectangular copper plates.
The main performance of this rectangular coil is to generate an induced magnetic
field perpendicularly to the quartz vessel when the RF current is flowing through it.
Since the coil is rectangular, it generates the magnetic field in a wider range than the
round coil. The electric RF current from an RF inverter power source rated at 30
kW supplied to the coil through a matching transformer and an LC series matching
circuit. The fundamental frequency of current was about 356 kHz in this work. The
planar-ICTP torch including the coil, was immersed in cooling water in a water tank
during the generation of thermal plasma. It is necessary to maintain the quartz vessel
wall’s temperature at around 300 K by circulating the cooling water outside of the
vessel.
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Fig. 4.1 : Experimental setup of a planar inductively coupled thermal plasma (ICTP)
torch, (a) Front view and (b) Side view.
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4.2.2 Gas flow pattern in the planar-ICTP torch
In a planar-ICTP torch, the thermal plasma should be thermally isolated from the
inner wall of the torch to avoid high heat flux from the thermal plasma to the wall [24,
31]. Therefore, the arrangement and the shape of the upper flange for introducing
the plasma gas and sheath gas are important factors to sustain the ICTP stability.
The upper flange connected to the upper part of the torch is shown in figure 4.2.
The working gases, Ar and O2, are introduced from the head of a planar-ICTP torch
through the terminals. The planar-ICTP torch has a cross section of 120 × 20 × 100
mm3. As seen in figure 4.2, there are totally seven terminals of the flange to introduce
the working gases; the two terminals from the long sides, the other two from the short
sides, and three terminals from the center of the torch. The terminals from the long
sides and short sides are connected to four long tubes inside the flange. Each of the
four long tubes has several gas outlet holes supplying gas flow. As a result, gas is
then supplied along the four walls of the rectangular quartz vessel like curtains. These
curtain gases prevent the thermal plasma from contacting the walls. The gas flow
pattern in this figure is not the real one but only shows the gas flow injection direction.
The real gas flow pattern is influenced by the presence of the thermal plasma acted on
by the Lorentz force and other factors.
We could set these curtain gas flow rates for the long sides and short sides re-
spectively. In this work, a total of 2 slm Ar and 0.1 slm O2 were injected into the
planar-ICTP torch. Details of gas injection are as follows: 0.5 slm of Ar was intro-
duced into each short side and 0.05 slm of O2 into each long side of the torch as a
curtain along the wall of the torch. Another 1 slm of Ar was supplied into the head-
center of the torch through a mesh with 1 mm width for laminar flow. This laminar
flow makes Ar gas introducing into the head-center of the torch without disruption.
This gas flow patterns of Ar into the short sides and head-center and O2 into the long
sides of a planar-ICTP torch, can sustain the thermal plasma on the substrate with a
lower Ar gas flow rates of 2 slm compared to our previous work [31].
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Fig. 4.2 : Gas allocation in a planar-ICTP torch.
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4.2.3 Electric circuit and measurement of the electrical prop-
erties for modulated induction thermal plasmas
Figure 4.3 shows the electric circuit for a planar modulated ICTP. In a planar
modulated ICTP system, a metal-oxide semiconductor field-effect transistor (MOS-
FET) RF power supply with a matching transformer and an LC series circuit was
used. The power supply has a rated power of 30 kW. The driving frequency of power
supply can be regulated from 40 kHz to 420 kHz according to the load impedance. The
phase-locked-loop (PLL) control function to the RF current was used in this power sup-
ply to match the load impedance by tuning the driving frequency. It thus can control
the phase angle difference between the instantaneous output current iinv(t) and instan-
taneous output voltage vinv(t) from the inverter power supply in 10 degrees in less than
0.5 ms. The coil current amplitude iinv(t) can be modulated by the insulated gated
bipolar transistor (IGBT) dc–dc converter circuit. To perceive response of the RF
power supply for the planar modulated ICTP, the iinv(t) and vinv(t) were measured at
the output terminal of the inverter circuit with a high-frequency current transformer
and a high-frequency voltage divider respectively, as indicated in figure 4.3. Where,
the vinv(t) is a rectangular waveform as a result of the MOSFET switching in the in-
verter circuit, while the iinv(t) is a sinusoidal waveform because LC series resonance
circuit is used for induction plasma establishment. For this work, the root mean square






















where Tcyc is the fundamental cycle of the RF coil current, and t and τ are the time. It is
noticeable that Vrms(t) and Irms(t) alters with time t under the coil current modulation
condition. We have calculated the electrical impedance Z(t) behind the output terminal
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Fig. 4.3 : An electrical circuit for a planar modulated inductively coupled thermal
plasma system.
This impedance, Z(t) has a resistance component because the PLL control is used for
impedance matching. This Z(t) is affected mainly by the change in the thermal plasma
impedance [24]. As known, the thermal plasma is a secondary circuit of an equivalent
transformer for an inductively coupled plasma. Thus, a change in Z(t) specifies the
change in the electrical conductivity and cross section of the current in the plasma
torch [24].
In addition, the instantaneous power pinv(t) and time-average active power Pavg(t)
in a cycle were also calculated with iinv(t) and vinv(t):







As a result, the active power Pavg(t) changes with time when the coil current is mod-
ulated.
100 4 Uniform surface oxidation by a planar modulated ICTP
4.2.4 Measurement of radiation intensity distribution of atomic
spectral lines in a planar modulated ICTP
To detect the atomic spectral lines, spectroscopic observations were conducted
at five positions at 3 mm above the substrate along a longer side of the rectangular
vessel, as shown in figure 4.4. The light from each observation position is transmit-
ted through a lens and an optical fiber bundle to the spectrometer. A spectrometer
(USB2000+, Ocean Optics) is used to detect the radiation intensities of emission spec-
tra with an exposure time of 3 ms at each observation during modulation condition.
In the spectrometer, there is a grating which diffracts light from the collimating mir-
ror and directs the diffracted light onto the focusing mirror to first-order spectra onto
the detector plane. At the detector plane, the photodiode detectors are located. The
detectors collect the light received from the focusing mirror and convert the optical
signal to a digital signal. Each pixel on the detectors responds to the wavelength of
light. The wavelength resolution is about 0.2 nm per pixel. These observations were
made for each position at each timing in the modulation cycle. These observations can
offer the time variation in the radiation intensity distribution of spectral lines from a
modulated planar ICTP on the substrate holder.
4.2 Experimental setup and conditions 101
Fig. 4.4 : Configuration of a planar inductively coupled thermal plasma torch with a
spectroscopic observation system.
102 4 Uniform surface oxidation by a planar modulated ICTP
4.2.5 Experimental conditions
Table 4.1 summarizes the experimental conditions with modulation and non-
modulation adopted for a planar Ar–O2 ICTP. The pressure in the chamber was fixed
at 10 Torr. The sheath gas for the long sides was O2 and its total gas flow was set
at 0.1 slm including 0.05 slm for each long side. For 2 slm Ar gas, 1 slm is injected
into the short sides and another 1 slm into the head center of the torch. The driving
frequency of the RF coil current was set to 356 kHz.
In the present work, we mainly set two conditions: with and without coil current
modulation to study the modulation effect on rapid surface oxidation processing. The
modulated coil current has four control parameters: on-time, off-time, higher current
level (HCL), and the lower current level (LCL). The definitions of these parameters are
obtainable from our earlier report [26]. In the coil current modulation conditions, the
coil current amplitude was modulated into a rectangular waveform with a duty factor
(DF) of 51% and 60%. The modulation frequencies were selected at two values of 40
Hz and 20 Hz. The on-time, which is the time duration with HCL, was set to 12.75
ms, and the off-time, which is the time duration with LCL, was also set at 12.25 ms
for 40 Hz with a duty factor (DF) of 51%. Depending on the modulation frequencies
and duty factors, the on-time and off-time are varied. For a modulation frequency of
20 Hz with 60%DF, the on-time was 30 ms and off-time was 20 ms. The shimmer
current level (SCL), which is defined as a ratio of LCL to HCL, was set to 70% [23]
in the modulation condition. The input power during the off-time was set to 5.26 kW,
whereas the input power during the on-time was set to 11.90 kW for the modulation
condition of 40 Hz and 51% duty factor. In this case, the average input power was thus
8.5 kW. For the comparison, an experiment was conducted under the non-modulation
condition with an input power of 8.5 kW.
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Table 4.1 : Experimental conditions
Experimental No. 1 2 3 4 5
Modulation Yes Yes Yes Yes No
Inverter output voltage [Vrms] 114 117 108 111 112
Inverter output current [Arms] 78 75 76 75 76
Frequency [kHz] 356 356 356 356 356
Inverter effective power [kW] 5.62-11.9 4.71-11.35 4.56-11.19 4.66-11.31 8.51
Modulation control signal [V] 4.7-3.8 4.8-3.8 4.7-3.7 4.8-3.8 -
O2 (long)[slm] 0.1 0.1 0.1 0.1 0.1
Ar (short)[slm] 1.0 1.0 1.0 1.0 1.0
Ar (Center)[slm] 1.0 1.0 1.0 1.0 1.0
Pressure [Torr] 10 10 10 10 10
Modulation frequency [Hz] 40 20 40 20 0
Duty factor(%) 51 51 60 60 100
On-time [ms] 12.75 25.5 15 30 -
Off-time [ms] 12.25 24.5 10 20 -
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4.3 Results and discussion
4.3.1 Dynamic behaviour of planar Ar–O2 ICTP with and
without coil current modulation
In order to observe the dynamic behavior of planar Ar–O2 ICTP with and without
coil current modulation, a color high–speed video camera (VW-6000: Kenyence) was
used as shown in figure 4.3. The frame rate was 250 fps and the exposure time for
each frame was set to 1/1000 s. Figure 4.5 depicts the distribution of the visible light
emission intensity of a planar Ar–O2 ICTP on the Si3N4 substrate holder at a pressure
of 10 Torr at an input power of 8.5 kW without modulation. The radiation intensity
in figure 4.5 is expressed using a color scale indicating the intensity of visible light
emission. This visible light emission intensity was obtained from the linear sum of
red, green and blue (RGB) color intensities by the color high–speed video camera, and
it was converted to a range of 0-255. The Ar and O2 gases were supplied from the
top of the plasma torch as a curtain of gas. The planar Ar–O2 ICTP was found to
be established stably with a donut shape along the coil inside the planar rectangular
quartz vessel. Thus, the radiation intensity from the plasma near the coil is higher
than those at the centre of the coil.
Next, the Ar–O2 planar ICTP was modulated by sustaining the coil current at a
modulation frequency of 40 Hz and 51%DF, and at a modulation frequency of 20 Hz
and 51%DF. In both cases, an average input power was 8.5 kW. Modulation signal
for each condition is shown in figure 4.6. Panel (a) in figure 4.6 illustrates modulation
signal for a modulation frequency of 40 Hz and 51%DF, while panel (b) shows that
for the modulation frequency of 20 Hz and 51%DF. Figure 2.8 shows high-speed video
camera images of the planar modulated ICTP for a modulation frequency of 40 Hz and
51%DF. These images were taken at a timing t=0 ms, 4 ms, 12 ms, 16 ms and 24 ms.
The reference time t=0 ms corresponds to the timing of the transition from LCL to
HCL as depicted in figure 4.6(a). The time t=0–12.75 ms corresponds to the on-time
at increasing input power from 5.26 kW to 11.90 kW, whereas time t=12.75–25 ms
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is the off-time at decreasing input power from 11.90 kW to 5.26 kW. The radiation
intensity is shown here with colour scale, where higher intensity is indicated in red, and
lower intensity is in blue. In this work, the exposure time of high-speed video camera
was 3 ms. As indicated in figure 2.8, the radiation intensity from the planar ICTP
has increased from t=0 ms to 12 ms during the on-time. On the other hand, at t=
16 and 24 ms, i.e. during the off-time, the radiation intensity from the planar ICTP
decays because the input power to the planar modulated ICTP is decreasing. In such a
way, the coil current modulation controls the input power to the ICTP, and then may
control the temperature of the ICTP.
Figure 4.8 shows high-speed video camera images of a modulated Ar–O2 planar
ICTP on the Si3N4 substrate holder at a modulation frequency of 20 Hz and 51%DF.
The timing from t=0 ms to 25.5 ms corresponds to the on-time, while the timing
t=24.5 ms to 50 ms is regarded as off-time, as indicated in figure 4.6(b). Generally,
the radiation intensity of thermal plasma increases during the on-time, and decreases
during the off-time. It is noticeable that the on-time and off-time durations are longer
at 20 Hz modulation frequency than those at 40 Hz. As seen in this figure, planar
modulated Ar–O2 ICTP can be sustained stably together with modulation of the ra-
diation intensity. This temporal change in the radiation intensity may be due to the
change in the temperature of the plasma from increasing and decreasing input power
by the coil current modulation. Our previous work has shown that the Ar excitation
temperature can be changed by 1000-1500 K with the coil current modulation in pure
Ar planar ICTP [24]. In the present work, the planar Ar–O2 ICTP may have such a
significant temperature change by the coil current modulation.
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Fig. 4.5 : Modulation control signal with time domains at (a) 40 Hz modulation
frequency and 51% duty factor, and (b) 20 Hz modulation frequency and 51% duty
factor.






























Fig. 4.6 : Modulation control signal with time domains at (a) 40 Hz modulation
frequency and 51% duty factor, and (b) 20 Hz modulation frequency and 51% duty
factor.
4.3 Results and discussion 107
Fig. 4.7 : Visible light emission from a planar Ar–O2 ICTP during the on-time with
changing input power from 5.26 to 11.90 kW at a pressure of 10 Torr with modulation
of the coil current. (40 Hz modulation frequency and 51% duty factor).
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Fig. 4.8 : Visible light emission from a planar Ar–O2 ICTP during the on-time with
changing input power from 5.26 to 11.90 kW at a pressure of 10 Torr with modulation
of the coil current. (20 Hz modulation frequency and 51% duty factor).
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4.3.2 Electrical properties of planar induction thermal plas-
mas under non-modulation and modulation condition
Figure 4.9 portrays (i) the modulation control signal for coil current modulation,
(ii) the measured inverter current iinv(t) and voltage vinv(t), (iii) the calculated output
power pinv and Pavg(t) from the inverter power supply, and (iv) the calculated effective
impedance Z(t). Figures 4.9(a) and 4.9(b) respectively correspond to results for non-
modulation and modulation. In figure 4.9(a) presented as the non-modulation condi-
tion, iinv(t) and vinv(t) respectively have constant root-mean-square values Vrms(t)=112
Vrms and Irms(t)=76 Arms, respectively. The instantaneous output power pinv(t) and
the time-average power Pavg(t) are unchanged with time with a constant value of 8.5
kW. The electrical impedance Z(t) remains a stable value of 1.166 Ω under the non-
modulation condition. The electrical impedance Z(t) shown here is an almost resistive
component because the PLL control is used to match impedance automatically. It
is noted that the impedance Z(t) of 0.462 Ω arises from the small resistance in the
matching transformer, the bus bar, and the coil in the LC resonance circuit without
a plasma according to our previous work [24]. Thus, the difference of 0.704 Ω in Z(t)
from 0.462 Ω to 1.166 Ω is attributed to a thermal plasma acting as a resistive load in
a secondary equivalent circuit. Under the modulation conditions at 40 Hz with 51%
duty factor shown in figure 4.9(b), the amplitudes of the vinv(t) and iinv(t) were suc-
cessfully modulated following the rectangular modulation signal by switching IGBTs
in dc–dc converter circuit. The root-mean-square quantities Irms(t) and Vrms(t) change
with time according to the modulation signal. The time constant of Irms(t) is affected
by the capacitance and inductance in the dc–dc converter circuit, as well as the time
constant of the thermal plasma. The time constant of the thermal plasma is generally
determined by the energy conservation equation [24]. It was thus found from these
results that even a planar modulated Ar–O2 ICTP can be established on the substrate
holder stably with changing the electrical properties, which indicates a change in the
thermal plasma state.
During the modulation, the active power Pavg(t) was also modulated from 5.26 kW
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to 11.9 kW in a modulation cycle as shown in figure 4.9(b). The transition time from
the lower to the higher power in Pavg(t) was estimated as 2 ms. This time constant
was mainly determined by the time constant of DC-DC converter electrical circuit
shown in figure 4.3. The time constant of 2 ms for the transition in Pavg(t) was mainly
attributable to the time constant of the dc–dc converter.
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Fig. 4.9 : Time evolutions in fundamental electrical properties: (a) non-modulation
and (b) modulation (40 Hz modulation frequency and 51% duty factor).
112 4 Uniform surface oxidation by a planar modulated ICTP
4.3.3 Spectroscopic observations on a planar modulated Ar–
O2 ICTP
To consider the uniformity of thermal plasma formed on the Si3N4 substrate holder
with and without modulation , the spectroscopic observation was carried out at 3
mm above the substrate holder surface. The observation positions were five between
X=−30 and X=30 mm laterally along the substrate holder, as indicated in figure 4.4.
Figure 4.10 indicates the emission spectra of the planar modulated Ar–O2 ICTP at a
modulation frequency of 40 Hz with 51%DF during t= 3 to 6 ms in on-time. This emis-
sion spectra were observed at the position of X= 0 mm. The averaging of spectroscopic
observation was once and the exposure time was 3 ms.
To study the uniformity of planar modulated and non-modulated ICTP on the
substrate holder, the lateral distributions of radiation intensities were measured. For
the modulation cases, the time-average radiation intensity distributions were obtained
by accumulating the data for a modulation cycle. Figure 4.11(a) shows the lateral
distributions of the time-average radiation intensities of the Ar lines at wavelengths
811.5 nm and 763.5 nm during modulation (40 Hz modulation frequency and 51%
duty factor) and non-modulation. The lateral distributions of radiation intensity of
the O atomic line at a wavelength of 777.1 nm during modulation and non-modulation
are shown in figure 4.11 (b). The horizontal axes in these figures indicate the lateral
positions of X=–30, –15, 0, 15 and 30 mm. From the figure 4.11 (a), the radiation
intensity of the Ar atomic lines are almost uniform around the center position X=0
mm with non-modulation.
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Fig. 4.10 : Emission spectra from a planar Ar–O2 ICTP with modulation of 40 Hz
modulation frequency and 51% duty factor at the on-time t= 3-6 ms. The spectra were
observed at the lateral position of X=0 mm at 3 mm above the substrate holder.
On the other hand, Ar atomic lines have lower radiation intensities with modula-
tion compared to those with non-modulation. Furthermore, the radiation intensity of
the Ar lines at the center position has higher intensity than those at other positions.
A similar tendency could be seen for the O atomic lines as indicated in figure 4.11(b).
The O atomic line has almost uniform radiation intensity around the center position
with non-modulation. The O atomic line in the unmodulated case shows higher values
at the right side than the left side. This may be because a diffraction effect in the
quartz wall is generated during the spectroscopic observation. On the other hand, the
modulation reduces the radiation intensity of the O atomic line. The modulation de-
creases the radiation intensities relatively more at both edges of the substrate |X| >15
mm than at the center.
It is useful to calculate the time-average intensity ratio of O atomic line at 777.1
nm to Ar atomic line at 811.5 nm, which is related to the dissociation degree of O2
implicitly and to the oxidation process. Figure 4.12 depicts the distribution of the
time-average intensity ratio of O atomic line at 777.1 nm to Ar atomic line 811.5 nm
during modulation and non-modulation. As seen the intensity ratio of O atomic line to
Ar atomic line is more uniform with modulation than that with non-modulation. This
means that the coil current modulation could improve the uniformity of the oxidation
process. This improved the uniformity of the intensity ratio of O atomic line to Ar
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atomic line arises from the fact that Ar atomic line has more strongly decreased radi-
ation intensities at both edges of the substrates with modulation than the O atomic
line. To confirm that the coil current modulation could control the radiation intensity
of the O atomic line during on-time and off-time, figure 4.13 was made indicating the
time-average intensity during the on-time and off-time at the center position X=0 mm.
The radiation intensity of the O atomic line is lower at on-time and higher at off-time,
while the intensity of the Ar atomic line is higher during on-time and lower during off-
time. This means the radiation intensity of the O atomic line at the center X= 0 mm
could be improved by adopting the modulation technique to the planar ICTP to get
the uniform formation of an oxide layer on the substrate. In addition, the temperature
distribution at X= 0 mm may increase as the radiation intensity of O atomic line is
increased.
One possible reason for the higher intensity of the O atomic line during the off-time
than the on-time could be the recombination reaction of O ions to O atoms. Figure 4.14
illustrates the calculated equilibrium composition of a 98%Ar-2%O2 mixture at a pres-
sure of 10 Torr. As seen, the O2 is dissociated to produce O atoms at temperatures
above 2000 K, and O atoms are ionized at temperatures higher than 10000 K. In other
words, a decrease in temperature from 10000 K to several thousand kelvin increases
the atomic O density because of the recombination reactions. On the other hand, we
previously reported that the planar type of modulated ICTP has a high temperature
of around 3000-8000 K [24], and the temperature can be well controlled by coil current
modulation. In this experiment, therefore, the higher radiation intensity of O atomic
line could be detected during the off-time or at the low current level, whereas the ra-
diation intensity of the atomic O line decreased during on-time or at the high current
level.
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Fig. 4.11 : Lateral distribution of radiation intensities of : (a) Ar lines at 763.5 nm
and 811.5 nm and (b) O atomic line at 777.1 nm during modulation (40 Hz, 51% duty
factor) and non-modulation.
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Fig. 4.12 : Distribution of I O 777.1 nm / I Ar 811.5 nm during modulation and
non-modulation
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Fig. 4.13 : Distribution of radiation intensities at X= 0 mm of atomic lines during the
on-time modulation and off-time modulation (40 Hz, 51% duty factor).




























Fig. 4.14 : Equilibrium composition of a 98/2 % or 2/0.1 slm Ar/O2 mixture at a
pressure of 10 Torr.
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4.4 Adoption of planar Ar–O2 ICTP to a Si sub-
strate for oxidation processing
4.4.1 Experimental conditions for planar Ar–O2 ICTP to a Si
substrate
In this work, a planar Ar–O2 ICTP was adopted to a Si substrate for the surface
oxidation on the basis of experimental results in the previous section to confirm the
improvement of uniformity of a thermal plasma on the substrate with modulation and
non-modulation. The experimental conditions were the same as in Table 4.1. The
experimental setup is the same as shown in figure 4.1. The different thing is that
a Si(100) substrate is placed on the Si3N4 substrate holder. The Si substrate has a
dimension of 80 × 8 × 0.6 mm3. The irradiation time of a planar Ar–O2 ICTP to the
Si substrate was set to only one minute.
The experimental procedure was as follows: Before plasma ignition, the plasma
torch and the reaction chamber located downstream of the torch were evacuated with
a vacuum pump. The substrate holder was located at about 200 mm away from the
irradiation position in the reaction chamber. The RF current was supplied to the coil,
and a small amount of Ar gas was fed to the torch to ignite the plasma. After the
plasma ignition, the Ar and O2 gas flow rate, the pressure, the input power and then
the modulation conditions were fixed at the specified values, respectively. Then, a Si
substrate with the substrate holder, which had already been set up in the vacuum
chamber, was lifted up and placed to the specified irradiation position in 10 seconds
using a router lift system as shown in figure 4.1. After that, a one-minute irradiation
was performed.
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4.4.2 Results and discussion on surface oxidation of a Si
substrate irradiated by modulated and non-modulated
ICTP
A planar Ar–O2 ICTP was adopted to a Si substrate for the surface oxidation
to confirm the improvement of uniform oxide layers with the modulation and non-
modulation. After the irradiation of the planar Ar–O2 ICTP to the Si substrate with
the modulation and non-modulation, the thickness of the fabricated oxide layer was
measured by the optical interference method. For this measurement, the oxide layer
was assumed to be SiO2 with a refractive index of 1.46. The thickness of oxide layers
produced by a planar Ar–O2 ICTP with the non-modulation and with modulation are
shown in figures 4.15(a) and (b). These figures contain the images of the irradiated
Si substrates with non-modulation and modulation respectively. Almost the uniform
oxide layer was found to be formed in 25 mm around the center of the substrate and
the thickness was below 100 nm under non-modulation condition. On the other hand,
the uniformity of oxide layer is increased in a range more than 35 mm around the
center position X= 0 mm. The thickness of the oxide layer is also increased to 125
nm there just only by one-minute irradiation of a modulated Ar–O2 planar ICTP. This
may be because the relatively higher density of O atoms produced during the off-time
can increase the thickness of the oxide layer while a lower density is produced during
the on-time. Moreover, the modulated ICTP has high radiation intensity at the center
compared to both sides during the off-time or at the low current level. This is one of
the facts that could improve the oxide layer thickness at the center of the substrate.
This can be deduced from the radiation intensity distribution discussed in the previous
section. Consequently, the coil current modulation with the on-time and off-time or
HCL to LCL could control the time-average atomic O densities, and also the time-
average temperature distribution on the substrate to improve the uniformity of surface
oxidation.
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(a) (b)
Fig. 4.15 : The thickness of oxide layer of Si substrate under (a) non-modulation
condition and (b) modulation condition with one-minute irradiation.
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Fig. 4.16 : The thickness of oxide layers of Si substrates under non-modulation and
modulation conditioins with different modulation frequencies and duty factors.
4.4.3 Effect of modulation condition on oxide layer thickness
of a Si substrate
Figure 4.16 shows the lateral distribution of the oxide layer thickness on the sur-
faces of the Si substrate for surface oxidation. The thickness of the oxide layers irra-
diated by the non-modulated and modulated ICTP were compared to study its effect
on the uniformity of the oxidation processing. It is significantly evident that the oxide
layer with non-modulation is thinner and its uniformity is lower. The uniformity of
the oxide layer thickness can be improved by adopting the coil current modulation.
Among the modulation conditions, the oxide layer is moderately more uniform along
the substrate with a higher thickness around x= 0 mm under a modulation condition
with 40 Hz and 51%. Decreasing the modulation frequency to 20 Hz at the same duty
factor of 51% causes the higher thickness layer around the edges of the substrate and
the lower thickness around the center compared to 40 Hz modulation. This means
decreasing modulation frequency makes the uniformity of oxide layer thickness lower.
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On the other hand, increasing duty factor to 60% at the same modulation frequency of
40 Hz lessens the uniformity of the oxide layer thickness compared to 51% duty factor.
This means increasing the duty factor with same frequency elevates the thickness of
oxide layer around the edges and lower the thickness layer around the center. There-
fore, we confirmed that the higher modulation frequency with a lower duty factor could
improve the uniformity of oxide layer thickness.
4.5 Conclusions
In summary, a planar type of Ar induction thermal plasma system with O2 gas
with the coil current modulation was adopted for the rapid large-area surface oxida-
tion processing. The required amounts of Ar and O2 was studied for stable operation
of a modulated planar ICTP were investigated. Electrical properties, such as time
variations in active output power and effective electrical impedance change, were cal-
culated to check the change in thermal plasma impedance. In addition, spectroscopic
observations were carried out to investigate the controllability of the atomic O density
distribution in thermal plasmas during the on-time and off-time of the modulation.
This planar Ar–O2 ICTP was used to irradiate to Si substrates for a period of one
minute to study adaptability of planar ICTP for large-area rapid oxidation processing
with the modulation and non-modulation. Results indicate that a planar Ar–O2 ICTP
can be adopted for the rapid large-area oxidation of Si substrates and coil current
modulation could improve the uniformity in thickness of the oxide layer fabricated.
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Chapter 5
Summary of results and future work
5.1 Introduction
In this thesis, a planar type of modulated ICTP for uniform oxidation process has
been developed. The planar torch which is rectangular in shape is used instead of the
conventional cylindrical type plasma torch in order to generate a long laterally thermal
plasma. To this planar ICTP system, the coil current modulation technique is adopted.
The ICTP torch can sustain the plasma with different modulation frequencies and duty
factors with or without substrate. Also at the different operating pressure, the plasma
could be sustain on the substrate. Moreover, for the uniform formation of ICTP on
the substrate, the operaing gas flow rates and the gas flow patterns in the planar torch
has been studied. In this work, the fundmental properties of a planar type of ICTP
with current modulation has been studied. In addition, the fundemental of planar-type
Ar–O2 ICTP on a substrate for large-area material processing has been investigated.
Finally, the planar modulated Ar–O2 ICTP has been adopted to the Si substrate for
the uniform oxide layer.
5.2 Summary of results
In chapter 2, a planar type of modulated induction thermal plasma (planar-MITP)
system was developed using rectangular quartz for large area materials processing. The
fundmental electrical properties of planar type ICTP with pure Ar gas have been inves-
tigated such as time variation in active output power and effective electrical impedance
change at an input power about 10 kW and 30 Torr. As a result, increasing Pave(t)
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elevates Z(t) which is changed as a function of a plasma resistance, rp. In this work,
the Ar excitation temperature TArex was therefore determined from spectroscopic obser-
vation. The temperature distribution of planar MITP and non-modulated induction
thermal plasma in a planar torch measured from spectroscopic observation confirmed
changes in the active power and the effective impedances of the thermal plasma with
respect to the time domians. From this work, dynamic behaviour of the planar MITP
during modulation in electrical properties and in temperature distribution is clarified
in the planar torch. It is clear that the coil current modulation can controls the ther-
mal plasma temperature in time domain. the temperature control would control the
thermal damage to the substrate. We have found that the modulation would assist
to increase radicals density and to decrease the thermal flux to the sample irradiated
by the modulated thermal plasma. In this way, the coil current modulation would be
useful to the materials processing like surface modification.
Chapter 3 describes the fundamentals of a planar-type Ar-O2 ICTP on a Si3N4
substrate holder at different gas flow rates and gas flow pattens into a planar torch.
The dynamic behaviors of a planar Ar-O2 ICTP were observed during both irradiation
of Si3N4 and Si with different Ar gas flow rates at 20 Torr and at an input power of 7
kW. We have found that a planar-type Ar-O2 ICTP could be stably sustained on the
substrate with Ar sheath gas along the walls. In this work, we mainly investigated the
effect of sheath gas flow rate on the uniformity of thermal plasma on the substrate.
The visible light emission of thermal plasma on the substrate at different gas flow rates
were observed by the high speed video camera. For adoption of such planar-type ICTP
to materials processing, it is necessary to sustain the ICTP with molecular gases on the
substrate. As a result, the oxygen atomic line has a more uniform radiation intensity
with the higher shealth gas flow rate than that with the lower shealth gas flow rate
along the lateral direction on the substrate. An oxide layer of 0.15 µm thickness and 30
mm length was obtained on the Si substrate by 10 min of irradiation of a planar-type
Ar-O2 ICTP at (8+6)slm/0.1 slm which is Ar(short+long)/O2 (Center) into the planar
torch.
In chapter 4, a planar modulated ICTP with molecular gas feeding on the Si
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substrate has been investigated for uniform oxidation process. In this work, a planar
ICTP with lower Ar gas flow rate and the molecular gas, O2 feeding on the substrate
could be sustained under modulation and non-mudulation. Electrical properties have
been calculated such as time variation in active output power and effective electrical
impedance change in order to see the change in thermal plasma impedance. In addition,
the spectroscopic observation was carried out to investigate the changes in the radiation
intensity of thermal plasma during on-time and off-time of modulation. From this
observation, the spectral atomic lines are found to be controlled by the modulation.
And then, the Si substrate was irradited by planar Ar–O2 ICTP under modulation and
non-modulation. As a result, the Si oxidation process time can be reduced to a minute
with lower Ar gas flow rates and the uniformity of oxide layer could be improved at 40
Hz, 51% duty factor.
5.3 Future work
In this thesis, a planar type of modulated inductively coupled thermal plasma for
uniform oxidation process has been developed. To get the uniform oxide layers of the
substrate, the coil-current modulation technique has been adopted to the planar ICTP
system at different operating operating pressure and input powers. And with the dif-
ferent gas flow rates and gas flow patterns into the planar torch were considered for the
uniform formation of thermal plasma on the substrate. In this work, the fundamen-
tal properties such electric properties and Ar exciation temperature, time-averaging
temperature distribution along the substrate has been calculated to see the effect of
coil-current modulation on planar ICTP system. Finally, the Si(100) is irradiated by a
planar modualated Ar-O2 ICTP for uniform oxidation process at different modulation
frequency and duty factor during a min.
In future, the following aspects will be taken into account to proceed this research:
(1) In the present work, we investigate the gas flow rates and its pattern into the
planar torch by decreasing the gas flow and changing the injecting ways. In the future,
the simulation for gas flow patterns should make to compare the experimental results.
130 5 Summary of results and future work
(2) Regarding the uniform oxide thickness layer of the substrate with varying the
modulation frequencies and duty factors, it seems the Si oxidation process time can be
reduced than a minute and the uniformity of oxide layer could be improved with higher
modulation frequency and lower duty factor. Therefore, higher modulation frequency
(more than 40 Hz) with lower duty factor (lower than 51%) should be adopted for
furthur modulation.
(3) As this developed planar modulated ICTP system is expected not only of
oxidation process but also other materials processing such as nitration. It can be
conducted with Ar–N2, Ar–H2 to generate a planar modulated Ar–N2/Ar–H2 ICTP
for a large-area materials processing.
(4)As our destination mention in section 4.1, this planar torch will be coupled with
two or more coils in order to establish a long-laterally thermal plasma for a furthur
large-area materials processing.
Perhaps, these may lead to a new and advance technology for a large-area materials
procesing using a planar modulated inductively coupled thermal plasma.
